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FOREWORD

This final report on IIT Research Institute Project J6144,
Contract DAHC-68-C-0126, OCD Work Unit 1614D, entitled '"Civil
Defense Shelter Options: Deliberate Shelters,' is presented
in two volumes. The work was performed in the Structural
Analysis Section, Engineering Mechanics Division of IITRI by
A. Longinow, A. J. Kalinowski, C. A. Kot and F. Salzberg. It
was monitored by Mr. C. D. Kepple of the Shelter Research
Division, Office of Civil Defense.

Respectfully submitted,
IIT RESEARCH INSTITUTE
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Manager~
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Assistant Director
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ABSTRACT

The ability of specific shelter structures to provide pro-
tection for personnel subjected to nuclear weapon environments
is investigated and respective sheltering costs are estimated.
Specific structures considered and costs for several defined
sheltering options are given, and the capability of these
shelters in providing protection relative to a range of weapon
environments is presented. The bases for these predictions

are described.
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CHAPTER TWO
ANALYSIS OF STRUCTURAL BEHAVIOR

An exact solution for the response of a structure to dynam-
ic loads is a practical possibility only when the structure in
question is sufficiently simple and when the overpressure
loading-time variation is a known mathematical function. Actual
structures and loadings ordinarily do not satisfy these condi-
tions. For this reason, it is necessary in such cases to ideal-
ize both the structure and the loading. Structural idealization
is performed by considering only the dominant modes of response.
Very often only the first mode need be considered and the struc-
ture may then be represented by an equivalent single degree-of-
freedom system.

In the analysis of blast resistant structures we are ordi-
narily interested in deflections and their relationship to the
primary stresses in the structure. It is necessary thus to
select the equivalent system such that the deflections of the
concentrated masses are identical with those of certain points
on the actual structure. The resulting deflections may then
be related to stresses. The magnitude of error in such an ansl-
ysis is in the amount which would have been contributed by the
neglected modes. For most cases nf practical interest, one
mode predominates and reasonably accurate results may be ob-
tained by considering only this mode.

In idealizing dynamic loads two simplifications are ordi-
narily considered. The first involves the geometric distribu-
tion of the load on the structure; the second involves the load
time variation. If in the idealized structure, the mass of the

system is concentrated only at certain points, then modified load

magnitudes need to be applied at these points. The general form
of the dynamic analysis (Ref.13) performed on the subject shel-
ters is described in relation to a rectangular shelter, however,
the formulation is general enough to be applicable to any rea-
sonable structural system.
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The shelter shown in Fig. 2.1la is a buried structure subject
to uniform, time dependent loading (Fig. 2lb) over the surface of
the ground. The static load deflection relationship (resistance
function) for the point at the center of the roof slab is shown
in Fig. 2.1lc. Such a relationship is a function of the spacial
distribution of load over the surface of the ground, the type of
soil, depth of burial, and geometric, material and structural
properties of the shelter. The equivalent structural system is
shown in Fig. 2.1d and is selected such that the concentrated
mass deflection is at all times equal to the midspan deflection
of the slab. This may be accomplished (neglecting higher modes)
by obtaining a relationship between equivalent structure param-
eters p, (load) , m, (mass) and ke (stiffness) for a single degree-
of-freedom and the actual structure parameters p(t), m and ¥

(Ref. 13).

The procedure used involves an assumed deflected shape cor-
responding to the dominant mode. This establishes a relationship
between the deflections of all points on the structural element
which is constant with time and makes possible the representation
of the structural element by an equivalent system having one
degree-of-freedom. Factors which transform the actual paramcters
p(t), m and k to the equivaleunt ones (p,, m,, ke) are related and

obtained as described herein.
= 2
Po(t) = K p(t) 2 1
The lcad transformation factor KL is determined by equating the

external work done by pe(t) on the equivalent system to that done
by p(t) on the actual system. The time variation in both cases

is the same.
m, = Km m (2.2)

The mass transformation factor K  is determined by equating the
kinetic energies of the real and equivalent systems.

R, = Kr R (25030

66
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4 ' The resistance, R, of an element is the internal force tending to
restore the element to its equilibrium position (Fig. 2.lc). At
a given deflection the resistance is defined as being numerically
; equal to the static load required to produce the same deflection.
3 The maximum resistance then is the maximum load that the element
can carry and is computed using ultimate strength criteria. The

resistance transformation factor, Kr’ is obtained by equating

the internal energies of the two systems. On this basis KL==Kr

The spring constant of the actual system is defined as the

S Bal sl S op byt Soo. Br-iod

static load required to produce a unit deflection. Deflections
of the actual and equivalent system are equal. The spring con-
stant of the equivalent system is obtained from

PG X

‘ ke = Kr k (2.4)

where k is the stiffness (spring constant) of the actual system.

Having defined the transformation factors, the equivalent
1 system may be analyzed. This is done by solving the correspond-
ing equation of motion using the transformed parameters. The :
basic equation of motion of the equivalent single degree-of- freedom 3

system 1is
d2X 3
w my EEZ = pe(t) - Re(x). (2.5)

Replacing the equivalent terms m,» Pa» Ry with Eqs. (2.1) through
(2.3) we obtain

M T e o0 P N I T .

Ko d2x
K—]' n d—tz' = p(t) = R(X)- (2"6)

Y I P
s

Thus given a structural element, its characteristic resis-
tance function, a loading function and appropriate transformation
parameters KL and Koo the solution of Eq. (2.6) enables us to
predict deflection (and consequently stress and strain) at any
time during the loading history. Further, this information allows
us to make judgments as to the physical state of the structural

e i d e e o 4

member in question by means of comparisons with existing expecri-
mental data.
68
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The analysis approach described was programmed for electron-
ic computation and used to analyze the subject shelters. Essen-
tially this is a numerical procedure which is capable of solving
Eq. (2.6) for any given loading and arbitrary resistance function.
Since this equation is basic to numerous structures which may be
represented by a single degree-of-freedom, the procedure devel-
oped is capable of analyzing any such structure provided the re-
sistance function is known. Full range resistance functions for
structures more complex than a beam, a plate or an arch are not
readily available. For this reason each shelter was analyzed
using a step-by-step process which first determines the response
(physical state) of individual key components. Judgments as to
the physical state of the structure as a whole are then based
on the relative physical states of such components.

The objective of the analyses performed was to establish
for each shelter considered:

the overpressure level at which the shelter is

in a state of incipient failure, and

the overpressure level at which the structure

has lost its entire sheltering capability

(catastrophic collapse).
Physical states prior to the state of incipient failure, over-
pressure level PA (Fig. 2.2), are of no interest since relevant
injury producing mechanisms are not expected to be manifest with-
in the shelter. We postulate 100 percent survivors prior to in-
cipient failure. The overpressure level at which the structure
has lost its sheltering capability (overpressure level PB) is
defined as the state at which no survivors (both instantaneously
and over longer periods of time) are expected.

The range between these two overpressure levels is one of
relevant injury producing mechanisms and the transition can take
on different forms. We know that survivability (percent survi-
vors) declines between these two points; being maximum at over-
pressure level Py and minimum at overpressure level Pp.
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Fig. 2.2 TYPICAL SURVIVABILITY FUNCTION
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The manner of transition is not known and does not lend itself
to analysis within cthe current state of the art. We postulate
a linear transition between the two points.

Computational methods used to determine PA and PB for the
rectangular and arch type shelters are different at the detailed
level of analysis. This difference is due to dissimilarities in
the structural configurations and the way in which soil-structure
interaction takes part in each case. Consequently, the analysis
of each structural type is presented separately.

2.1 ANALYSIS OF RECTANGULAR SHELTERS

The specific rectangular shelters considered include both
single- and dual-purpose types and are described in Appendix A.
Single-purpose shelters include four structures with identical
structural systems except that each was designed (Ref.14) to
resist a different overpressure level (0*, 10, 26 and 30 psi)
and associated effects resulting from a single megaton range

weapon,

These shelters are mounded RC structures whose interior
and exterior walls form a rectangular grid when viewed in plan.
A typical shelter is illustrated in Fig. 2.3. The roof is a
two-way RC slab which is continuous over the interior walls.
Exterior and interior walls are one-way RC slabs which rest
on wall footings. The floor slab is wire mesh reinforced and
is structurally separate from all shelter components. The
entranceway (shown in Appendix A) is a corrugated steel tunnel
containing bulkheads and blast doors. Shelters are mounded using
a 4 to 1 slope which is sufficiently gentle to preclude signifi-
cant dynamic and reflected pressures acting on the structure.

*
This is used to indicate fallout radiation as the primary
design weapon environment.
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Fig. 2.3 RECTANGULAR, SINGLE-PURPOSE SHELTER (Ref. 14)
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Dual-purpose shelters analyzed herein include two use classes,
i.e., schools and parking garages. Six school shelters are ana -
lyzed whichmay be divided into two categories with respect to
size (5500 and 11000 sq ft of floor area) and three categories
with respect to design weapon environments (5, 25 and 50 psi
design overpressure levels and associated effects resulring from

a single megaton range weapon).

i School shelters (Ref.l15) are basement structures (see Fig.
2.4) having identical structural systems. The structural system
consists of two-way RC roof slabs (at grade) which are continu-

{ ous over interior partitions. External walls and interior par-
titions are one-way RC slabs (constructed as tilt-up walls)
supported on wall footings. The basement floor slab(wire mesh
reinforced) is structurally separate from walls and footings.

Three parking garage shelters (Ref.l6) are considered. Each
was designed to resist a different weapon environment resulting
from a single megaton range weapon. The three design weapon en-
vironments consist of 5, 25 and 50 psi overpressure levels and
associated effects of thermal and prompt nuclear radiation. Each
of the shelters is a below grade structure (see Fig. 2.5) and
contains 50,000 sq ft of floor area. The structural system con-
sists of a flat slab supported by columns (with column capitol
and drop panels) and peripheral walls. The peripheral walls
(constructed as tilt-up walls) are cne-way RC slabs supported
by wall footings. Columns rest on individual footings. The in-
terior floor slab (wire mesh reinforced) is structurally sepa-
rate from walls, columns and footings.

2.1.1 Analytical Model i

The rectangular structures described consist of an inter-
connecting network of slabs in the first case and slabs and
columns in the second case. When loaded, the internal force and
moment distributions throughout each component in the network
are coupled, i.e., statically indeterminate. Although it is %
possible to solve the complete interaction problem by considering |
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all components in the network simultaneously, the level of ef-
fort demanded for this approach is beyond the scope of this study.
Instead, we uncouple the network by making certain simplifying
assumptions regarding the restraint conditions at the junction
points of each component. Upon decomposing the system into a
series of smaller systems in the manner described, each component
can be analyzed as a separate unit and the weakest link in each

chain found.

2.1.2 Loading (Closed Shelter)

Roof Slab.--Rectangular structures considered herein have
roof slabs either at grade or slightly below. For those at grade,
the overpressure is applied directly to the surface of the roof
slab. For those slighcly buried, the loading is the same except
that the deadweight of the soil contributes to part of the load-
ing. The spacial pressure distribution is assumed to be uniform.
This assumption is reasonable when the time it takes the over-
pressure wave front to engulf the slab is small compared to the
period of the lowest natural frequency of the slab. In such a
case, the slab does not have sufficient time to respond to the
asymmetric loading that it experiences as the wave travels by.
Instead, the slab responds to the nearly uniform pressure dis-
tribution it experiences, after the wave front has traversed the
length of the slab. For the range of weapon sizes considered
(0.2, 0.4, 1.0 and 10.0 MT) the decay of overpressure over the
particular slab lengths is sufficiently small to make the uni-
form pressure assumption reasonable.

External Walls.--The loading on the external walls is due

to a combination of both the overpressure loading and the lateral
side pressure resulting from the deadweight of the soil. The

overpressure loading in the lateral direction is difficulc ro
predict due to the complex nature of the actual soil-structure
interaction relationship. We take the usual approximating ap-
proach (Ref.10,17) for determining this loading by assuming that
it depends on the specific soil and is a fraction of t4e surface
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overpressure. Further, the net mass of the wall slab is taken to
be ité actual mass plus an additional portion of the neighboring
soil mass. The volume of this additional mass is usually assumed
(Ref.17) to be equal to the slab area times one-half tha slab
depth. Wall loading is illustrated in Fig. 2.6.

Footings.--Once the solution to the roof slab problem has
been established, the resulting vertical shear forces at the slab
supports (the walls are actually the supports) are known. These
values are then assumed to be transmitted through the walls into

the footings.
2.1.3 Loading (Open Shelter)

Roof Slabs and External Walls.--When blast doors are open
or left off, the loading of the shelter is considerably different
than when blast doors are closed. As the blast pressure wave
Pin(t’;) (expressed in terms of time and space) enters the shelter
it tends to balance the external pressure Pex(t’;) acting on the
outside surface of the shelter. The net pressure at some point X

on the surface of an interior wall or roof slabs is therefore

given by

AP(t,x) = Pex(t,x) - Pin(t’x) (278

Computations of Pex and L have been made for a whole range
of overpressure levels, time durations and shelter volume to en-
trance area ratios and are included in Chapter Four. The results
of these computations indicate that in all cases of practical im-
portance, the pressure differential, AP, is very nearly equal to
the external pressure for the early time duration, AT, The in-
ternal fill pressure, Pin’ is initially very small in the dura-
tion ATC; consequently, for all practical purposes, AP can be
approximated with Pex over this interval. For the range of struc-
tures we are considering in this study, the period of the lowest
natural frequency of the roof siab (or external wall), T,» is of
the order or smaller than ATC. Consequently, the slab will fully
respond (i.e., reach its maximum stress) to the AP =P, pressure,
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assumed to
with wall
Pp = Vst 1atera1‘ (deadweight) soil pressure
py = Vs(t'+a) on vertical wall (vs = so0il density)
kpo = lateral blast induced wall pressure
k = coefficient of lateral pressure

12 (net wall Hbessure) kp + Pay

vz(p1+p2) = —2-(a +2t) N
m_ (equivalent unit wall mass) = 7—(av +2D a7 )

wall area
v = wall density
g = acceleration due to gravity

t = average depth of burial

Fig. 2.6 EXTERNAL WALL LOADING
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beforc it has a chance to be relieved by the balancing effect of
Pi,- Hence for the time duration of interest, AT, the loading
on the external walls or roof slabs will be essentially the same
regardless of whether the blast doors are open or closed, and
consequently the roof or wall slab failure pressure is taken

to be the same for either situation.

Internal Walls.--The transverse pressure differential across
the internal walls of the basement rooms is the most difficult
loading to estimate, mainly because of the complex geometrical path
the pressure wave must traverse before coming in contact with the
wall. For example, in the basement school shelters (see Fig. A.1l4,
Appendix A) the overpressure wave must first travel down a stair-
well, through a blast door, down a narrow passageway, make a
90 deg right turn through another blast door aund finally down
a narrow hallway before exerting any pressure loading on an in-
ternal wall of the structure. At the instant the pressure wave
reaches the entrance to the basement room, the pressure differ-
ential AP across the internal wall exposed to the hallway is
the difference between the hall pressure P, and the existing
atmospheric pressure P. within the room. Although this APw will
be rather large initially, the pressure wave will rapidly fill
the room and eventually tend to equalize with the hallway pres-
sure (AP =0) in the time, teitre The determination of the actual
pressure differential as a function of time is an extremely diffi-
cult problem in gas dynamics. The problem is complicated by the

fact that the aboveground overpressure time variation is both
reduced in magnitude and distorted in waveform as a result of
passing through the mentioned channels and orifices before enter-
ing the basement room. In short, we are not able to obtain a
reliable estimate of the internal wall pressure differentials
within the capabilities of our current analytical techniques.

Because we cannot determine the loading accurately, we of
course, cannot define the actual overpressure at which the intermnal
wall will fail. What we can predict however, is the ultimate APW
that will fail the wall based on an assumed flat-top pressure dif-
ferential pulse shape.
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It was found that for the basement shelters treated in this
study the failure (initial yielding) overpressure was on the order
of 2 to 3 psi. This is for 6-in. RC interior walls (height 9.0 ft,
width: 24.0 ft). Experimental studies performed (Ref. 18) indicate
that pressure differentials of this order were experienced in room
configurations and blast environment conditions similar to the ones
existing in shelters considered in this study. It should be em-
phasized however that the rooms in the experimental shelters were
smaller.

It appears that in shelters whose blast doors are left off or i
open and whose internal walls are not designed to resist overpres- ;
sures normal to their planes, survivability may be considerably é
different from the closed door case. The loss of walls' supporting
action could cause failure of the roof slab. Injuries and/or fa-
taliti~s would be produced by debris from walls as well as the roof 3
slab. To what extent the internal wall failure affects the surviva-
bility of the shelter cannot be accurately estimated until techniques
are developed, analytically or experimentally, which can reliably
predict the pressure differentials which develop across the internal
wall slabs. Survivability functions developed in this study do not
reflect injury/fatality mechanisms produced by the failure of in-
ternal walls.

2.1.4 Definition of Structural Failure

For the structures described, incipient failure (overpressure
level Pys Fig. 2.2) refers to the overpressure level at which the ]
classical small deformation theory predicts failure in the weaker
of the key components, i.e., roof slab, wall, column, etc. of the ]
structure considered. This refers to the overpressure level at ;
which the load resistance versus deflection function (Fig. 2.1lc)
of the weakest key component becomes level. This leveling off im-
plies that the component being analyzed cannot sustain any increase
in load without experiencing unbounded deformations. At the point
of incipient failure, the slab cross section experiences the maxi-

mum possible bending moment that can be sustained at various points
in the slab.
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In some instances it is possible that the slab (roof or wall)
may experience a shear failure or bond stress failure at the slab
supports at an overpressure value lower than that which causes
failure in bending (i.e., the point at which the resistance func-
tion becomes flat). In these cases, incipient failure is defined
as the overpressure at which a shear or bond failure occurs.

Beyond the point of incipient failure, the concrete is con-
sidered inserviceable from the viewpoint of carrying applied
loads in flexure; however, the steel reinforcement network still
remains intact and is capable of resisting additional loading
through membrane action. The overpressure level at which membrane
action gives away is defined as the point of catastrophic collapse
(point Pg, Fig. 2.2). 1t is postulated that at this point a roof
slab would break away resulting in 0 percent survivors.

2.1.4.1 Incipient Failure Criterion for Slabs

Flexure.--As discussed previously, the overpressure level
producing incipient flexural failure in a structural component is
a load value beyond which the component is not capable of re-
sisting flexural deformations. This value is determined herein
by means of a resistance function which describes the full-range
behavior of the component in question. A typical resistance func-
tion for a slab capable of developing two sets of plastic moments
is shown in Fig. 2.7 and is determined using yield-line theory
as described in Ref. 19. Means for constructing resistance func-
tions for slabs of the type that frequently occur in rectangular
RC shelters are described below. Referring to Fig. 2.7:

Ry = ¢ M i + uM b limiting resistance in the (2.8)
P P elastic range, 1b
ky = v E L, /a° stiffness in the elastic (2.9)
range, lb/in.
Ry = 2BM__ + 20 2 M limiting resistance in the  (2.10)
P P elasto-plastic range, 1b
ky = p E, Ia/a2 stiffness in the elasto- (2.11)

plastic range, 1b/in.

where M and M, are plastic moments per unit length of side "a"

(short side) and side "b'" (long side) respectively (see Fig. 2.7).
For the condition where tension steel area per unit lengch (AS)
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Fig. 2.7 CHARACTERIZATION OF RESISTANCE FUNCTIONS FOR SLABS
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is equal to the compression steel area (A;) the values Mpa and Mpb
are expressed as follows:

Mpa = A

= ]
Mob = A2 fay

s fdy s

= ' |
dg = pg dy dg £y (2.12)

e !
d, = pydjd, £y (2.13)

Coefficients @ ,p,y,a,Band p characterize the influence of the
type of loading, support conditions, geometric ratio a/b and the

strain phase
appearing in

s)

and are tabulated in Appendix D. Other parameters
Eqs. (2.8) through (2.13) are defined below.

long side of slab, in.
short side of slab, in,
Young's modulus for concrete, psi

average moment of inertia per unit length of

the short and long sides = (Ig+ 1) where Ig

is the average of the transformed section modulus,
leg, and the full section modulus Igg for the
short side; Iy is a similar quantity for the

long side. Thus, '

= : -
I, {Igs'fItSi/2 where Igs D”/12 and

3
(kgdy) 2
I, = + pgd |n(d, ~kgd P+ (2n-1) (kd, - d))

Similar formulas can be generated for the long
side by replacing the subscript s with ¢« in
the above equations.

slab thickness, in.

short or long side depth measured from the
compression face of beam (or slab) to the cen-
troid of the longitudinal tensile reinforce-
ment, in.

ratio of stcel modulus, Eg, to concrete modulus
E.» for short and long side, respectively.

percent steel perpendicular to tne short
side

percent steel perpendicular to the long
side

cracked section factor for the short or long
side (Table 11, Ref. 71)

area of reinforcing steel per inch of
edge length, in.

dynamic yield strength of steel, psi

83

Qs i i




i

YT P A T Y WIS I et i i . =y r Al o - = “’1

d',d) = distance between centroids of compression and
8" tensile steel in doubly reinforced member for
short and long side respectively, in.

Shear and Bond.--The incipient failure overpressure for
shear or bond failure is the value beyond which the slab is no
longer capable of resisting the dynamic shear forces (Va,Vb)
that exist at slab supports. These shear forces (reactions) can
be computed directly by the use of the resistance function R(x)
(see Fig. 2.7) and the net load P(t), applied to the surface of
the slab. The values v, and Vy are expressed as follows:

Va = 814F * 054R
(2.14)

Vb = 91£P + GZZR
where V_ and Vv, are total dynamic shear forces along sides a
and b respectively, lb. Coefficients le’ 925’ 912 and 922
depend on the type of loading, slab end conditions, the geometric
ratio a/b and the strain phase, i.e., elastic, elasto-plastic
or plastic., These are tabulated in Appendix D. The slab is at
the shear mode of incipient failure (Ref. 20) when the ultimate
shear stress ou24(0.85)'\/z:': unless shear reinforcement is provided.

Whan shear reinforcement is provided, the slab is at the
shear mode of incipient failure when the ultimate shear stress
'*u26)0.85)'\/-f_c':. See Ref. 20 for criteria on effective shear re-
inforcement (Sec 1707, para d, p 75). Ultimate shear stress is

computed from:

Sty
o =5 d (2.15)
where
b, is the critical section along side a and/or b,

d 1is the distance from extreme compression fiber to
the centroid of tension reinforcement.

The critical section is perpendicular to the plane of the slab and
located at a distance d/2 from periphery of reaction area along
the long or short side of the slab. V, 1is computed using Eq.(2.14).

The slab is at the bond made of incipient failure when the ul-
timate bond stress u, is equal to or exceeds the following values for
tension bars with sizes conforming to ASTM A305:
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6.7VE!
T

9.5VE;

—p— ©or 800 psi for other than top bars

or 560 psi for top bars
(2.16)

The ultimate bond stress u, is computed from

v
u = i

°© 0.85Y0jd
where Yo is the sum of perimeters of all effective bars crossing
the section on the tension side, 1f of uniform size; for mixed sizes,
substitute 4 Asfﬁ, where Ag is the total steel area and D is the
largest bar diameter. For bundled bars, use the sum of the exposed

portions of the perimeters. D is the nominal diameter of bar, inches.

Appendix C contains recommendations for the construction of
resistance functions for slabs where tension and compression steel
exists in different amounts. This appendix also contains a com-
puter program for the analysis of R/C slabs.

2.1.4.2 Catastrophic Collapse Criterion for Slabs

When a slab experiences a loading which corresponds to the
point of incipient failure, it cannot resist additional loading
in the flexure mode. At the point of incipient failure the re-
sistance function shown in Fig. 2.7 implies that for load magni-
tudes equal to or greater than the maximum flexural resistance
of the slab, deformations will grow without bound. 1In reality
the true resistance function does not remain horizontal indef-
initely. The small deformation theory upon which the flexural
resistance function was based does not consider membrane action
which significantly enters the picture as deformations get large:
The two-way slab (Ref. 4 ) shown in Fig. 2.8 illustrates the
membrane large deflection action that can develop during a dynamic
loading situation. The major error introduced by employing small
deformation theory is due to the fact that the dynamic equilibrium
equations used in the derivation of the resistance function, refer
to the undeformed (flat) shape of the plate which precludes any
supporting action from membrane forces.
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T.arge deformation theory however, accounts for membrane forces
by considering equilibrium of the deformed (dished) shape. Em-
ploying large deformation theory allows u. to account for the
reserve strength a slab has in its dished configuration.

The approximate load carrying capacity of a slab in its
dished configuration may be determined by first converting the
reinforcement network into an equivalent constant thickness mem-
brane having the same length and width as the actual slab. In
this model it is assumed that the concrete has lost its load
resisting capacity and instead serves as a matrix for keeping
the reinforcement rods separate and as an agent for transmitting
the applied pressure load to the steel rods. For example, the
plates tested under dynamic loading and illustrated in Figs. 2.8
through 2.10 support these assumptions. It will be noted
that the severe cracking experienced precludes any significant
membrane resistance of concrete. It is further assumed that
reinforcing rods are securely anchored (in tension) around the
periphery of the slab. This anchoring may be realized when
either the rods are cast into a supporting edge (e.g., an external
wall) or the rod tension is counterbalanced by tension that exists
in a similarly loaded neighboring slab. An actual reinforcing
steel network and an equivalent constant thickness membrane
(analytical model) are illustrated in Fig. 2.11.

The thickness, tas of the equivalent membrane is determined
such that the cross-sectional area of a unit strip in the equiva-
lent membrane is equal to that of a unit strip in the steel net-
work. Thus, te==Ks where Kg is the steel area per unit length.
1f Ks is not the same for both sides of a two-way slab, then &,
is taken to be the average of both sides. The equivalent mem-
brane must be able to transmit tensile forces across the entire
span of the slab, therefore Ks must only be representative of
the continuous bars which span the full length,

Resistance functions (pressure load versus midspan deflec-
tion curves) for membranes rigidly supported at their periphery
are shown (Ref. 21) in Figs. 2.12 through 2.14 for several a/b
ratio values.
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Fig. 2.9 MEMBRANE - LARGE DEFLECTION ACTION
OF A TWO-WAY RC SLAB (Ref. 4)
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Note: Test condition: fixed edge, uniformly-dynamically
loaded RC slab (101 psi peak pressure load).

Fig. 2.10 CRACKED SURFACE OF TWO-WAY RC SLAB (Ref. 60)
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(a) Slab Reinforcement Matrix (c) Equivalent Steei Membrane
(Plan) (Plan)

(b) Slab Reinforcement Matrix (d) Equivalent Steel Membrane
(Section A-A) (Section B-B)

Fig. 2.11 SLAB REINFORCEMENT MATRIX
AND (EQUIVALENT) ANALYTICAL MODEL
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a = length of short side, in.
b = length of long side, in.
P

= total load (uniformly distributed) supported
by membrane, psi

z_ = midspan deflection, in.

c
S=t o =4 o, = ultimate tensile force per unit
length of membrane, 1b/in.

o. = dynamic ultimate strength of membrane mate-
rial, psi

Eg = dynamic ultimate strain of membrane material,
percent

The nomenclature used in these graphs is defined as follows:

In order to determine the overpressure magnitude producing

membrane failure we proceed as follows:

To find: P g = overpressure producing membrane failure.

Required data: a/b, tes Ty Ef

Procedure:

1. Select the appropriate figure (Fig. 2.12 through

2.14) whose a/b ratio is closest to the actual
ratio.

2, Using the value of ef, determine the P,/S ="
ratio in the manner indicated in Fig. 3.12a.

3. Determine POf by the use of the following equation:

k* t o
P .= —2 " .
of D,ca ds
where
t, = equivalent membrane thickness, in.
de = dead load per unit area of membrane, psi

Dye = dynamic load factor

(2.17)

Since for problems of interest the positive phase duration

purposes.

9%

of the blast pulse is large when compared to the natural period
of vibration of the membrane, and since the variation of Pa/S
(Figs. 2.12 through 2.14) is very nearly linear, the dynamic
load factor (le) was taken as 2.0 in this study for computational

e

o b e e

P P I BOE TR ©




Kk gt L b e el it £ L i e

LA AN o L e b M TR

TRETTE

RETMATL N F raal et ti

|
|

2.7 ANALYSTS OF ARCH SHELTERS

Arch shelters considered belong in the single-purpose category
and are described in detail (including costs) in Appendix A. Two
categories are included, i.e., low level blast effects shelters
(up to 30 psi design overpressure) and high level blast effects
shelters (100 and 150 psi design overpressure).

Low level blast effects shelters include two sets of four
structures each. In the first set the arch shell is of RC, while
in the second set a steel shell is used. In each of the two sets
the four arches are similar except that each is des?qned to resist
a different overpressure level (weapon environment) resulting from
a single megaton range weapon. The four design overpressure levels
are 0*, 10, 20 and 30 psi. All structures are semicircular arches
having a 17.5-ft inside radius and an 80-ft inside length. A typ-

ical cross section showing common (basic) dimensions and the posi-

tion of the soil cover relative to the structure is shown in Fig. 2.15.

4

<

‘1 10.0°' \
5'R

8.0'

-

Fig. 2.15 CROSS SECTION OF BASIC ARCH SHELTER

*This is used to indicate fallout radiation as the primary design

weapon environment.
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The slope of the mound (4 to 1) is sufficiently gentle to pre-
clude significant dynamic and reflected pressures acting on the
structure. The end walls (see Fig. A.2, Appendix A) are RC slabs
in every case. Entranceways consist of corrugated steel tunnels
containing bulkheads and blast doors.

High level blast effects shelters include two structures.
(ne was designed to resist 100 psi, the second 150 psi. They are
RC structures and are similar to the one described above except

that the entranceways also consist of RC instead of corrugated steel.

Basic properties are summarized in Table 2.1.

TABLE 2.1
BASIC PROPERTIES OF ARCH SHELLS AND END WALLS

Steel Arches

Design Moment of Inertia Cross-Sectional
Weapon Section per Unit Area per Unit
Environment Type Ax1ay’Length Ax1a% Length
(psi) L /in.) (in¢/in
Fallout 12 gage corrugated steel 0.0604 0.129
10 1 gage corrugated steel 0.1659 0.343
20 3/8 in. corrugated steel 0.2380 0.487
30 1/2 in. tee-flange steel 0.2920 0.583

Concrete Arches

Design Weapon Arch Thickness Endwall Thickness

Environment (in.) (in.)
Fallout 4 8

10 4 8

20 4 9

30 4 10

100 8 35

150 13.5 41
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1 2.2.1 Definitions of Structural Faillure

Arch structures are normally designed to carry transverse
pressure loads in membrane compression, whereas slabs (prior to
yielding) carry pressure loads in bending. This basic difference
in the load carrying mechanism leads us to redefine our previous
definitions for the incipient failure pressure PA and the cata-
strophic failure pressure PB 5

! Incipient Failure Definition for Buried Concrete Arches.--

; For concrete arches, incipient failure is defined as the over-
pressure which results in the strain through an entire cross sec- i
tion of the arch shell to exceed the ultimate failure strain of
concrete in compression (0.0024 in./in.). When this state of
strain is reached, the arch is assumed to collapse in the neigh-

: borhood of its center portion (i.e., away from the supporting end
walls). The external overpressure which results in this midspan
state of strain is termed the incipient failure pressure P,.

TP
S G003 (e i

—— i

Incipient Failure Definition for Buried Steel Arches. -- In
steel arches the ductility of the steel does not permit the arch 1
material to fracture apart as with concrete, thus we need a dif- 3
ferent definition for incipient failure pressure. The steel arch
will continue to support pressure loads at strains beyond the
yield strain, however this is at the expense of suffering midspan
deflections which grow increasingly out of proportion with each 3
unit increase in external load. For sufficiently large loads the
midspan deflection growth will continue, thus allowing yield :
hinges to form. This permits the deformation characteristics :
of the arch to resemble a mechanism and the arch collapses. What
k is sometimes done, is to define collapse as the external load which
: results in a prescribed number of yield deflections (Ref. 22). 1If
' we use the allowable yield deflection approach, the problem we

are confronted with is that the deflection just prior to the mech-
anism formation is usually many yield deflections. This is ordi-
narily well into the large deformation range and consequently out
{ of range of most computational techniques (including the one used

here).
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The problem can be overcome if we first recognize that a plot of
the actual applied load versus midspan deflection would be non-
linear in that it would rise linearly up to a point (6y) and then
nonlinearly level off, as in Fig. 2.16.

Let Py be the actual failure load and 6, = 65y be the corre-
sponding failure deflection (i.e., 6 yield deflections). Suppose
we did not know the precise number of yield deflections which
defined failure; or, we purposely defined 6c lower than the col-
lapse value to keep the structural computations within their
range of accuracy (within the small deformation limit).

Actual Failure .Point

P

P Load

|
I
|
|
|
|
3 :Pﬁ
|
|
|
|
|

|
|
|
|
[
I
|
!
|
|
|
|
b

0 & 24 3 46
y 4 ¥ Y 56? 66?

Deflection, 5

Note: 6y = one yield deflection

Fig. 2.16 NONLINEAR RESISTANCE FUNCTION
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For either of these two reasons, suppose that 6c - 36y was selected
as the critical number of yield deflections to failure. From

Fig. 2.16 we see that although the erroneous failure criterion

(36 ) is 50 percent in error with respect to the actual failure
defleccion the corresponding failure load (P3) is only off byabout
8 percent (on the conservative side) from the actual failure load
Py,. Inm other words the predicted failure pressure is fairly in-
sensitive to the number of yield deflections chosen for the fail-
ure criterion. The failure criteria used for the steel arches

in this study corresponded to 45y (i.e., four yield deflections).
Although this is still probably less than the actual number of
yield deflections at failure, (Ref. 22 used yield deflections
anywhere from 2 to 5), it is still sutficiently accurate to pre-
dict failure in view of the sensitivity argument given. In
summary, incipient failure pressure Pa for steel arches is de-
fined as the external overpressure which results in the midspan
deflection exceeding four yield deflections.

Catastrophic Failure Definition (Steel and Concrete Arches).--
Once the incipient failure pressure is reached, the arch (steel

or concrete) is assumed to collapse in the vicinity of its center
portion, i.e., away from the end walls. The portion of the arch
in the vicinity of the end walls receives partial support from
these walls, consequently the arch shell in this region is
stronger than at midspan. Thus failure at midspan does not inm-
ply that total collapse of the shelter will occur. What may
actually happen, at external pressures greater than P, is that
the arch deforms into two ''lean-to'" type compartments.

The volume (or survival space) of the postulated lean-to
compartments would be bounded by the end wall and the collapsed
portions of the arch. It is postulated that end walls remain
essentially vertical for pressures in the vicinity of P_. The
catastrophic failure pressure Py is defined as that pressure
which will ultimately fail the end walls in a bending failure,
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bond failure or shear failure. When this occurs the bounding
surface of the wall fails causing the lean-to voids to collapse
and thus bury or crush the occupants.

2.2.2 Analytical Model

As mentioned previously, an arch shelter consists of a semi-
circular cylindrical shell bounded by two end walls. The end
walls are RC slabs and the arch shell consists either of steel

or concrete.

As with the box-type structure described earlier, the in-
ternal moment and force distributions throughout each main com-
ponent of the structure (shell, end wall, footing, etc.) are
coupled (i.e., they are statically indeterminate). Here too, the
coupled problem is simplified by making certain assumptions re-
garding the restraint conditions (clamped or pinned) involving
the junction between adjacent members. Upon decomposing the
total structural problem into a series of smaller uncoupled
problems, each component is then analyzed as a separate unit and
the weakest link in each chain is found.

2.2.3 Loading (Closed Shelter)

Arch Shell.--Arch shelters under consideration are buried
as indicated in Fig. 2.15. The spacial pressure distribution
on the soil surface is assumed to be uniform and its time vari-
ation is taken to be the same as the free field overpressure
loading. Analogous to the box-type structures, the uniform
spacial distribution is reasonable so long as the time it takes
the overpressure wave front to engulf the structure is small
compared to the lowest natural period of vibration of the so.l-

arch structural system.

End-Walls.--The loading on the end walls is due to a com-
bination of both the overpressure loading and the lateral side ]
pressure of the soil. The specific loading assumptions are the
same as those discussed for the box-type structures and thus will

not be repeated here (see Subsection 2.1.2).
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Footings.--Once the solution to the arch structure has been
established, the resulting vertical shear forces at the arch sup-
ports are known. These shear values must in turn be supported
by the footings, thus establishing the sought loading.

2.2.4 Loading (Open Shelter)

When the blast doors are open, the differential pressure
loading on the structure is only slightly different from the
closed shelter case discussed. Brierly, the internal pressure
cannot build up fast enough to substantially reduce the net dif-
ferential pressure loading across the roof arch or end wall. By
the term "fast enough'" we mean that if structural failure is to
occur, it will have occurred by the time any significant reduc-
tion in pressure differential has been produced. Consequently,
the loading is assumed to be the same as in that of the closed
shelter.

2.2.5 Incipient Failure Determination for Concrete Arches

The method of solution closely follows, in principle, that
discussed in connection with slab failure. Briefly, the method
consists of first finding the static resistance function, R(w),
for the midspan deflection of the arch. Appropriate mass and
load factors are determined through energy considerations. Next
the equivalent first mode, single degree-of-freedom differential
equation analogous to Eq. (2.6) is constructed. For a prescribed
weapon size and trial overpressure, the equation of motion is

integrated to determine if the failure deflection has been reached.

or exceeded. (Recall that for concrete arches, we defined the
failure midspan deflection as that value which results in a con-
crete cross section to be at a strain level of 0.0024 in./in.,
and for steel arches the failure deflection was defined as four
yield deflections.) ‘Ihe above process is repeated (the over-
pressure is incremented) until an overpressure (the incipient
failure overpressure, PA) is found which results in the timewise
peak midspan deflection which equals the failure deflection.
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Determination of Concrete Arch Resistance Curve.~--A finite

| element model representing the soil-arch configuration was con-
structed as illustrated in Fig. 2.17. The uniformly distributed
overpressure, Po’ was converted into concentrated nodal forces
acting normal to the soil surface. The resulting load-deflection
curve should of course depend on the physical properties of the
soil surrounding the arch. For a structure located in a stiff
soil, the soil will behave somewhat like an arch in that it car-
ries a portion of the load applied at the surface (active arching
action). At the other extreme, a soft soil will transmit most

e Lot oo o Tl Sl L il g Stk et

i of the surface pressure directly to the buried structure (passive
| arching action). The extent to which surface pressure is trans-
£ mitted to a buried structure depends on the surface loading, tvpe
' of soil, stiffness of the structure and depth at which it is

b buried.

For the arch-soil analysis, an intermediate stiff soil is
chosen with a modulus (ES) of 5000 psi, compressive yield strength
(oo) of 65 psi and Poisson's ratio of 0.4. The resistance versus
crown deflection curve is shown in Fig. 2.18.

In the analysis performed, the influence of soil yielding
under the arch footings was neglected. This omission would tend
to make the evaluation of survivability somewhat conservative.
The yielding of footings would allow the arch to carry more load
before failure occurs.

Referring to Fig. 2.18, the fact that nonlinearities in the
material stress strain law are admitted into the analysis accounts
for the leveling off of the load-deflection (resistance) curve.

Most of the leveling off is a result uf the plastic flow experienced
within the soil. To illustrate this fact the resistance curve was
run a second time with all parameters tne same except that the
compressive yield strength of the soil was assumed to be 200 psi.

E The result was that the flattening of the resistance curve (Fig.

i 2.18) was postponed in that yielding of the soil did not take

| place until larger .alues of the external load were applied.

Sebrc
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Fig. 2.18 CONCRETE ARCH RESISTANCE FUNCTION
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What is often done in the analysis of buried arches of the
type considered here is to assume a priori a pressure loading on
the arch, perhaps the most popular being the uniform compression
mode loading assumption (Ref. 23). Briefly, the uniform compres-
sion mode corresponds to a purely radial pressure distribution
whose magnitude is equal to the pressure at the soil surface. It
is of interest to compare the soil-arch loading (i.e., the load
the soil imparts to the arch resulting from the free surface load-
ing) with the uniform compression mode. Since the finite element
computer program used herein (Ref. 24) operates in terms of ap-
plied nodal : ~es rather than applied pressures, it was necessary
to convert the uniform compression pressure loading into an equiva-
lent distribution concentrated force in order to make an appropriate
comparison. A comparison of the two types of loading is illustrated
in Fig. 2.19 and corresponds to the concrete arch case represented
in Figs. 2.17 and 2.18. With the exception of the vertical loading
component in the midhaunch-to-support region, the interaction solu-
tion loading is somewhat lower. This implies that the soil itself
is behaving as an arch wherein a portion of the surface load is
taken by the soil.

Determination of Load Transformation Factor KL.--The external
work, Wa, done on the actual arch-soil (unit depth) configuration
shown in Fig. 2.17 by the externally applied pressure is given
by the expression

. $ 4.4 1
W, Z(Fx Wy L) (2.18)
1

where Fi, Fi are respectively the horizontal and vertical ex-

ternal forces applied to each surface node of the arch-soil model;
wi, wi are respectively the corresponding horizontal and vertical
surface displacements; and the summation is made over all surface

nodes.
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The external work, Wos of the equivalent single degree-of-
freedom model (e.g., Fig. 2.1d) is given by

1
Wo =3 Py wy : (2.19)
where Py 1s the net external force on the spring model and W,

is the spring deflection.

Equating the actual and equivalent work expressions and
noting that the total vertical force P acting on the actual arch-
soil configuration is equal to X:F; we arrive at the expression

i
- _
Z(F wi +1= w)
P, =P (2.20)
we:z:F§
=l
L K. 4

Setting LA equal to the midspan deflection of the arch, the
term in brackets (according to the definition given by Eq. (2.1))
i3 the load factor, KL. The load factor expression (in brackets)
is computed automatically in the arch-soil interaction finite
element computer program.

Determination of Mass Transformation Factor K, --To estab-
lish the mass factor, we need an approximate relation for the
nodal velocity distributions. As a crude approximation, we
assume the ratio of the nodal to midspan velocity distribution
is proportional to the ratio of the nodal to midspan deflection.

Or mathematically,

4., 8
= X; Xa.. X (2.21)
&m wm ‘;,m wm
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where (w 5 wi) are the vertical and horizontal nodal displace-
ments due to a static unit surface pressure load, w" 1s the mid-
span deflection and the dotted quantities are the corresponding

velocities.
The kinetic energy of the actual arch-soil configuration
is thus given by the expression

2. 2
KE, = 3 ‘émi[(&;) + @l ] (2.22)

where m1 is the mass of each lumped nodal mass. Or, upon
inserting the velocity ratios we can rewrite the above expression

as : 5
2 l' ! 1
~m (w)) + (w) ]
c o (W i y x J
;- Gy a1 @29
i (w)
The kinetic energy of the equivalent single degree-of-
freedom system is given by
anl 2
Equating KE, and KE, and setting V equal to the midspan velocity
w" we obtain =
Y m [(wi)2+ (wi)Z]
ity X
M, = M, 1 (2.25)
2 A}
m
(w") Zmi
N e

where M, is defined as the total nodal mass summation (i.e.,
z:mi) By comparing this last expression to Eq. (2.2) we
see i that the expression in brackets is the mass transformation

factor Km.
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2.2.6 Incipient Failure Determination for Steel Arches

The method herein closely follows that discussed in connec-
tion with concrete arches and hence only the differences will be
highlighted. The first step is to determine the static resist-
ance function,R(w), for the midspan deflection of the arch. The
determination of the resistance function for the steel arch is
the same as that for the concrete arch except for one detail.
The steel arches are actually corrugated. The corrugations are
perpendicular to the plane of Fig. 2.17 and therefore do not
appear in the drawing. The corrugations are not physically
modeled; instead, an equivalent constant thickness steel arch

is used whose cross-sectional moment of inertia and area are
equal to that of the corrugated arch. In this way the important
stiffness properties of the corrugated arch are preserved.

‘The next step is to determine the mass and load transforma-
tion factors Kp» K- This 1is accomplished by the use of Egs.
(2.20) and (2.25). Once we hava R(w), Kp» K, the equivalent
single degree-of-freedom differential equation analogous to
Eq. (2.6) 1is constructed.

For a prescribed weapon size, and trial overpressure, the
equation of motion is integrated to determine if the failure de-
flection has been reached or exceeded (recall that for steel
arches, we defined the failure midspan defleztion as that value
which equals four yield deflections). The above process is re-
peated (the overpressure is incremented) until an overpressure
(the incipient failure overpressure, Pa) is found which results
in the timewise peak midspan deflection which just equals the four
yleld deflections.

2.2.7 Catastrophic Failure Determination (Concrete and Steel Arches)

Catastrophic failure (100 percent fatality) for arch structures
is assumed to occur at an overpressure level which produces the
failure mode illustrated in Fig. 2.20.
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Fig. 2.20 DEFINITION OF ARCH STRUCTURE FAILURE

The principal structural components of arches (single-purpose
shelters) considered in this study are the arch shell and the
end-walls. In all cases studied it was found that the arch shell
is the weaker of the two. For this reason incipient failure is
based on the overpressure which will produce failure in the arch
shell alone. Catastrophic failure is assumed to occur at an over-
pressure level which in addition to failing the shell, also pro-
duces failure of the end-walls in the manner indicated in Fig. 2.20.
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CHAPTER THREE
BLAST FILLING OF PERSONNEL SHELTERS

3.1 BLAST WAVE PROPAGATION INTO SHELTERS

In order to estimate the effects of an air blast wave upon
people or equipment inside of shelter spaces, it is necessary
.to consider the aerodynamic phenomena occurring during the prop-
agation of the blast wave into such spaces. The magnitude of "
the effects is obviously a function of the blast wave character-
istics, the geometry of the chamber, and its entrance configura-
tion.

A typical blast wave generated by a large-scale nuclear
weapon is characterized by a propagating shock front, at which '
the pressure jumps nearly instantaneously to a peak value, fol-
lowed by an exponential decay in pressure over a period of a few
seconds. The sudden increase in pressure is matched by a corre-
sponding particle velocity increase. The pressure in the blast
wave continues to decay below the value of the ambient pressure. ]
During the so-called negative phase of the blast wave the local '
particle velocity reverses direction, thus the flow direction ?
at this time is opposite to that of shock propagation.

The interaction of such a blast wave with a shelter space
depends on the geometry of the latter and upon the blast orienta-
tion relative to the chamber entrance. Possible variationg are
above or below ground location, chambers connected to the atmos-
phere by direct entrance or through tunnels, etc. Similarly the
blast wave propagation may be nomal, oblique or parallel to the
plane of the entranceway. Even for the case of normal orienta-
tion one must distinguish between the cases where the surface
containing the entrance is large or infinite such as the ground
surface, or is small such as the face of a building. 1In either
case normal reflection takes place at the surface, the pressure
being increased at least by a factor of two over the incident
shock front pressure. However, if the reflecting surface is
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small the high reflected pressure is rapidly eroded as rarefac-
tion waves generated at the wall edges move across the wall.

For typical chamber geometries, where the largest chamber
dimensions are of the order of 100 ft the blast wave interaction
process may be conveniently divided into two phases. The first
of these with a typical duration of couple hundred milliseconds
is the shock diffraction phase during which the predominating
phenomena are expansions, reflections, and interactions of shock
and rarefaction waves at the chamber entrance and in its interior.
This is followed by a phase in which the primary phenomenon is
the rapid inflow of gases from the outside or free field region
into the chamber. This latter phase continues until pressure
equalization between the inside and outside occurs, then the
gradual outflow of air from the chamber commences. Obviously it
is assumed that the chamber retains its structural integrity. ;

ol avhealid i

It is during the shock diffraction phase that the geometric Z
variables of the chamber and its entrance and also the blast
orientation are of greatest importance. To discuss the problem
qualitatively, consider the case of a blast wave with normal in-
cidence to the plane of the chamber entrance. It is assumed that
the surface containing the entrance opening is infinite in extent.
The properties behind the incident shock wave can be obtained

from Rankine Hugoniot equations. These for the case of air with
an assumed perfect gus equation of state are conveniently ex-

pressed as:
P 1+ .
Bg.g afr§§ (3.1)
(o]
c
+
DS (.2

Ug (p-1D(E-1)
S = 3.3)
S  V@u+1)(1+u8) (

el (3.4)
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Here subscripts o and s designate ambient and shock conditions
respectively. The variables are:

= density
= gound velocity,

= shock velocity, and

P

c

u = particle velocity,

U

£ = PS/Po is the ratio of shock pressure to

ambient pressure.

The parameter y is defined by

w1ty (3.5)

where ¥ is ratio of specific heats of a perfect gas. Thus for
any given shock pressure Eq. (3.5) permits the computation of
all the variables in the incident shock front. Upon incidence
on the wall, the shock wave undergoes a normal reflection and
the reflected shock propagates away from the wall. The pressure
ratio of the reflected shock is given by

_Pr (u+2)e-1
ﬁr‘g‘ﬁ—ufi— (B¢0)

Here p . is the reflected pressure, p the pressure behind the
incident shock and ¢ = ps/pO; Coincident with the shock reflec-
tion on the exterior the incident shock is transmitted toward
the interior of the chamber. The wave phenomena at the opening
during the shock entrance depend on the entrance geometry. Typ-
ical behaviors are illustrated in Fig. 3.1.

If the room is connected to the atmosphere by a relatively

long tunnel then the wave configuration is as shown in Fig. 3.la.

The shock transmission causes the formation of a Mach stem con-
figuration in order to match the conditions in the reflected
region to those behind the transmitted shock. For openings with

little depth, again a Mach stem reflection takes place (Fig. 3.1b).
However, in addition to this a centered rarefaction wave is formed

at the interior corners as the transmitted shock attaches itself
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to the interior walls and causes the flow to bend around the 90 deg
corner. A similar phenomenon occurs when the shock reaches the

end of the tunnel and enters the chamber as shown in Fig. 3.la.

The Mach and rarefaction waves move across the entrance and inter-
act. Once this interaction occurs one has essentially an adiabatic
inflow from the high-pressure reflected region to the region behind
the transmitted shock wave. The interactions at the entranceway
of the chamber are quite complex, and again geometry dependent.
Thus the rarefaction waves may actually interact with the Mach
waves before these meet at the central plane of the entrance. After
the shock enters the chamber (and assuming normal incidence) it has
a tendency to spread in a circular fashion. The shock is thus sus-
tained by the inflow from the high-pressure outside region. It
finally interacts with the side walls of the chamber in regular
reflection, as shown in Fig. 3.2. This shock wave is of very short
duration and for most practical Civil Defense purposes is not con-
sidered to be an important phenomenon.

The flow expansion around the corners of the entrance produces
vortices which in turn cause a low pressure region in this area.
Upon normal reflection from the back wall the shock propagates back
toward the entrance of the room. However this shock interacts with
the incoming high speed flow coming from the entrance. Since this
inflow takes on the form of a strong jet, the reflected shock wave
is destroyed by this interaction (see Ref. 25). From this point on,
the phenomena in the chamber are governed by the jet inflow, wave
interactions becoming insignificant. The flow behavior is essen-

tially that of a chamber being filled from a high pressure reservoir.

In the case of the blast wave flow, the reservoir pressure contin-
uously decreases while the pressure in the chamber increases. The
filling process continues until the inside and outside pressures

equalize. At this time flow reversal occurs and outflow from the

chamber commences.

The chamber filling phenomena are primarily governed by the
pressure difference between the chamber and the cutside blast field.
The filling is a relatively slow process and may in a first approxi-

mation be described by a quasi-steady behavior.
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For pressure ratios smaller than the critical value (pchamber/
Pplast = 0.528 for air) the mass flow rate is independent of the

chamber pressure and the flow is choked at the entrance aperture.
This implies a flow velocity equal to the sonic velocity at this
crogss section.

Since in general the entrance configuration is not of a smooth
converging-diverging shape no acceleration to supersonic speeds of
the jet should be expected. Even if a local contraction should
cause the flow to accelerate to supersonic speed in the immediate
vicinity of the entrance, these velocities would quickly be reduced
(within one or two entrance diameters) to subsonic speeds by the
appearance of shock waves which will adjust the pressure in the jet
to the surrounding chamber pressure. Thus maximum velocities in
the jet flow entering the chamber are subsonic for all pressure
ratios across the entrance opening.

At pressure ratios larger than the critical value the mass
flow rate depends both on the outside and the chamber pressure.
Thus the mass flow rate reduces not only because of pressure decay
in the blast wave field but alsu because of the pressure increase

in the chamber.

During the filling process the flow entering the chamber
behaves somewhat as a free jet expansion. However since both up-
stream and downstream conditions are changing continuously, the
velocities in the jet and its geometry (spreading) are also ad-
justing continuously. Again these phenomena in a first approxi-
mation may be considered as quasi-static. Obviously the flow
picture inside a cavity is further complicated by the jet im-
pinging on the back wall. This causes the flow to turn 90 deg
and to sp-ead along the back wall. Encountering the side walls
of the chamber the flow undergoes an additional 90 deg turn. Thus
a general circulation is set up throughout the room. The actual
pattern of the circulation depends on the room geometry. Highest
velocities should be expected in the center of the inflowing jet.
In fact these velocities may be considerably higher than the
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particle velocities behind the shock which initially spreads
throughout the chamber. Thus when considering vulnerability of
equipment or shelterees, it should be remembered that the severest
drag loading conditions may occur during the filling process
rather than during passage of the shock wave.

TR TV, T

An accurate analytical description of the shock and cavity
filling phenomena discussed is not feasible since the flow pro-
cesses are three-dimensional and nonsteady. Reasonable approxi-
mations of the shock and flow behavior in shelters should result

’ for two-dimensional numerical calculations. First order estimates
of the loads expected on shelters can be made by simple one-
dimensional quasi-steady analysis. Since the load prediction

is but a minor task of the current project, the latter approach

was used.

3.2 INTERNAL PRESSURES AND TEMPERATURES

Pressures and temperatures that may be expected to occur
within personnel shelters as a result of nuclear weapon-produced
blast when shelter doors are left off, open, or when their capac-
ity is exceeded are considered. These transient phenomena are
examined to determine the extent of their influence on the surviv-

ability of shelter occupants.

Internal pressure and temperature-time histories were cal-
culated using an existing electronic computer program (Ref.25 )
which permits the computation of average values of these phenomena
in chambers as a function of time. Calculations were performed
for all gross shelter geometries described in Appendix A for a
i free-field blast overpressure range from 5 to 50 psi resulcing
from KT and MT size weapons. Typical pressure and temperature-
time variations are shown in Figs. 3.3 and 3.4 respectively.
Since we are dealing with average values of these two phenomena
over the entire interior of a given shelter, the influence of
partitions as well as other obstructions does not enter into the

calculations.
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The primary parameters are the shelter volume and the area of
the inlet. The inlet, consisting of the entranceway and air
intake shaft openings, was assumed to be a constant area duct.

For the purpose of evaluating the responses of both the
structure and the inhabitants to the pressure and temperature
buildup within, we require the following set of information:

e Peak average pressure

e Time to peak average pressure

Initial pressure rise rate

® Peak average temperature

e Time to peak average temperature

e Temperature at the end of the positive phase.

This information, encompassing the specific range of free-field
blast overpressure levels and shelter volume to inlet area ratios,
is quantified in Table 3.1 in terms of the nondimensional param-
eter #. This parameter is defined as

6= Y (3.7)
A C, by
where
V is the %ross shelter volume excluding partitions,
stairwells, etc.,

A is the total unprotected inlet area which may
include entranceways, fresh air intake and exhaust
shaft openings, etc.,

C, is the ambient sound velocity (1129 fps) which makes
¢ nondimensional,

t, is the duration of the positive phase.

Data presented are restricted to the range of shelter volume to
inlet area (V/A) ratios indicated in Table 3.2 and to the peak
incident overpressure levels indicated in Table 3.1. The data
are independent of weapon size. An additional restriction is
that temperature values given are based on an initial shelter
temperature of 70°F.
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Variations of peak internal pressure and temperature with ¢
are shown in Fig. 3.5 and 3.6 respectively. These are plots of
data given in Table 3.1. Peak average pressures and temperatures
decrease with increasing values of the parameter ¢. For a given
peak incident pressure level and weapon size (identified by t ),
@ increases with increasing values of V/A. Therefore for a given
inlet area, the larger the shelter volume, the smaller the peak
average internal pressure, temperature, initial pressure rise
rate and the larger the time to peak average pressure and tem-

perature.

Shelcters considered (see Appendix A) are identified in
Table 3.2 in terms of their respective volumes and inlet areas.
Cross volumes were used in every case. Inlet areas include en-
tranceways as well as other inlets such as air intake and exhaust
shaft openings. For example, in the case of basement school
shelters (Table 3.2) the inlet area (Fig. A.11) consists of the
following:

Two personnel blast door openings, 3 ft by 6 ft 8 in. each
Fresh air intake and exhaust opening, 2 ft by 4 ft

Therefore in every case considered we assume that all shelter
openings are unprotected.

Peak average pressures and temperatures within each of the
shelters described, were determined using data given in Fig. 3 5
and 3.6. Results are listed in Table 3.3 and represent four
weapon sizes (10, 1.0, 0.5 and 0.2 MT) and six incident peak
overpressure levels (50, 40, 30, 20, 10 and 5 psi). In order to
emphasize variations, a portion of the results given in Table 3.3
are also presented graphically in Fig. 3.7 and 3.8. As expected
the largest peak overpressures and temperatures occur in the
shelter having the least V/A ratio, namely the school basement
shelter with a capacity for 550 persons (Table 3.2).
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Fig. 3.5 VARIATION OF PEAK AVERAGE INTERNAL SHELTER
PRESSURE WITH ¢

125

A et s

i



1000
3 -
3 800 p——
600 p— 50%
40
400
o / |
‘ ° — 30 |
?: =
= 20
®
N 200 b— 10
| g N, 5
- 22 |
| E /77 |
| @ (] !
o
T = 77 =
£ !
bt P 1
o 80—
oo | *External Peak Incident Overpressure, psi
| 9]
v 60 |—
>
<
, PR
g 1 'i
: —_— ¢ = V/Ac0t+
‘ V = shelter (cavity) volume, cu ft
E ‘ A = inlet area, sq ft
E 20— ¢~ ambient sound velocity, fps
' t,= positive phase duration, sec
: 1
10 l | | L1 1 i
0.1 0.2 0.3 0.4 0.6 0.8 1 2 3 4 1
| “’
Fig. 3.6 VARIATION OF PEAK AVERAGE INTERNAL SHELTER ;
TEMPERATURE WITH ¢ 3

126




-

3
: T LT 61 | LT fett L1 |oe |8 | we |8z |oe |4 (9T 16T |ze |8¢€ |8z |zeg|oe oy 1sd .

S8 88 16 86 98 68 rd3 66 96 66 001 | 801 | L6 00T | 201 |601 | 66 Z0T | %01 | 011 d,
- 8°T |2'C [9°C 0% j8T1T je¢ tLejey seliw}iovit19 e [vw (8% [#9 |1'y |gv|ecs |go ¥sd
4 o1
1 06 96 00T | £11 | <6 L6 00T | €O01 | 80T | S1T | o2t | Ss€r Jotrr |81t ' 1zt jecr | sStt | 12t | sz1 | zvt d,
3 1" | £72 jee JL°s | Tz j8C |ee |96 |Ss v |s's]|€e9 g6 6w |6°S |89 |66 |[s°¢ |99 o |90t 1sd -
m 86 zot | o11 | 9c1 | 86 SOT | OTT | 8€T | Sel [ S€T | svi [ s21 {8zt jJowt | ost jost |ser | svt | 8s1 | 881 d.
. ¢'¢ 8¢ [%e o9 €T |ve |8C |67 j0S |29zt {eir)ss V9 s {tvrerieo |t |gg | wer Tsd c

0
00T ] Z1T (8TT | OST { TOT | TTIT | O21 | 2ST | 6€T | 26T | S91 | scz {sw1 | 89St | oL1 izve | wst { oLt | zst | wez 4, N
Ll
e
. %°C 1 1°¢ | 8°€ | 6°9 ) S¢ |€€ |6°€ [Tt 1SS oL ]|es lser]1'9 {9 o6 [vvi]otL (88 |zor]| o091 1sd
i oY
. OTT>] 9TT | 921 | %91 | OTT>{ 8II | %21 | %91 | 8%l } 99T | 081 |ofz | %St [ zL1 | 881 |szz | 291 | 881 | woz | 8s2 4,
4
A sczlee oy |sec oz |ve |ew s {179 9¢ |06 jostlog |egs 6°'6 {2°9T19°L | L6 | ¥ 11| T°81 1sd
3 0S
7 0CI>| S21 | 9¢1 | 08T | 0c1>| 921 | 8ET | 281 | 09I | 081 j 06z | 09¢ joL1 | o6l | 60z {zez |18t | 90z | vzz | o062 4,
1 20| S0 1 01 zZ°0| S0 1 o1 20| S0 1 o1 ¢l so 1 01 <ol so 1 o1 (1sd)
1 - danssaadaang
] . () (1K) (In) (1) (1)
! (0001005 uotraeyndog; (00S uotieindod) (000§ uot3erndog) (0011 uor3eindog) (05S uvorierndod)
3 a9319ys aeyn3ueloay aa3jrays ylay a%eae9 Burrnaeq I133T9YS [O0Yyd§ Ia312ys 1o0yos =
.. ape1d moi3g ape1y moiad PISFA
M SYILTIANS LOACdNS NI SAUNSSAUd ANV SHNNLVIIIWIAL TOVIIAV AVAd
€°¢ AT4VL

w
4
E




ot - ~erreme

.rp.-qwm-- il i e o SR b o e S T A B el & HRITTR
>

il .

b

20
Population: 550
MI Weapon Size

@ 110
o,

)

et

s}

[}

423

v

= 10 - 1
&

< 0.5
a

- 0.2
[¥]

50

2

<

>

b,

iy

m

1]

[« 9}

0 |
0 10 20 30 40 50

! Peak Free-Field External Overpressure, psi
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Directly applicable biological data dealing with the response
of mammals to increased overpressure levels is currently limited
primarily to small animal species. According to Ref. 26 such
animals can tolerate high overpressures (86 to 170 psi) provided
the pressure rises smoothly and the time to peak overpressure is
in excess of a few tenths of a millisecond (gradual rise). Extrapo-
tation of such data indicates that for a 70 kg (154.3 1lb) mammal
the 50 percent mortality point due to gradually rising overpres-
sures is at 75 psi.

Pressure-time histories computed for the subject shelters
(see Fig. 3.3 and Table 3.1) fall well within the gradual rise
and time to peak overpressure limitations given. The maximum
value of peak average overpressure calculated for this set of
shelters is 18.2 psi (see Table 3.3) which is well below the
75 psi level for 50 percent mortality. It is concluded that for
the specific range of weapon sizes and external peak overpressure
levels considered, fatalities resulting from overpressure buildup
within this set of shelters are not expected to occur.

Referring now to air temperdtures inherent in the blast

wave, it will be noted (see Fig. 3.4 and Table 3.1) that even
though high values are achieved, the duration is relatively short.
Average air temperature within a shelter achieves its peak in a
time period of 0.127 te 2.114 sec (depending on overpressure level
and weapon size), and drops off to initial shelter temperature
(70°F) within a time period of about two positive phase durations.
Most of the drop-off is achieved at the end of the positive phase.

For shelters considered herein, the maximum air temperature
achieved is 290°F (Table 3.3) and occurs in the smaller of the
two school basement shelters (Table 3.2) at the 50 psi overpres-
sure level resulting from a 10 MT weapon. This is the highest
peak temperature achieved for the class of shelters considered.
It constitutes a 220° increase lasring less than 2.07 sec

Transient air temperatures described should not in themselves
constitute a serious hazard to sheltered personnel (Refs. 27
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through 32). According to Ref.28 tolerance to air temperatures
between 122 to 140°F runs into hours, since sweating response is
usually sufficient to keep storage of heat low, and body temper-
ature limits are not exceeded for a pralonged period of time.

‘he temperature range of 158 to 248°F is physiologically noncom-
pensating, and rapid rates of heat storage in the body give
tolerance times in the range of 20 to 80 min. In the temperature
range in excess of 248°F, tolerance is predominantly limited by
pain. A series of experiments to establish tolerance levels for
temperatures in excess of 200°F are described in Ref. 28 . The
subjects were male adults aged 21 to 48, and in good physical
health. Chambers used in producing pain limited heat exposures
were sufficiently small so that the heated aluminum walls were
close to the subject. The walls were heated by multiple radiant
sources capable oi producing rapid rates of temperature increase
in the neighborhood of 100°F/min., Two forms of applying heat

to the subject were used. The one of interest here is referred to
as the "abrupt fornm"; the chamber was preheated and rolled over
the subject so as to surround him in a period of about 2 sec. The

end point in each experiment was set by the subject when he

reached a level of intolerable pain from heat exposure. Results

are reproduced in Fig. 3.9.

As far as inhalation of hot air is concerned, it may be
stated that air which is hot enough to cause internal injuries
as a result of inhalation would probably cause lethal external
burns much more rapidly (Ref. 31). Temperatures rcached in sub- ]
ject shelters (see Table 3.3) are not sufficiently high or last-
ing to be significantly hazardous.

3.3 JET VELOCITY AND MOMENTUM 1

In order to establish an upper bound on the velocities and :
drag forces that may be expected inside a shelter space the val-
ues of these quantities are computed, based on the theory of free
jet expansion. The velocity profiles obtained in incompressible
flow are nearly identical with compressible flow profiles, see
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Refs. 33, 34, and 35, the former will therefore be used since

they can be defined by simple mathematical expressions. In gen-
eral, a free jet issuing from a small opening has a bell-shaped
axial velocity distribution as shown schematically in Fig. 3.10.

The velocity is a maximum at the centerline. The maximum
velocity which occurs in the opening from which the jet originates,
persists for some distance into the free jet in a cone-shaped
region. Maximum penetration occurs again at the centerline and
is equal to approximately four diameters for an axisymmetric jet
and about five orifice widths for the plane two-dimensional jet.

Beyond this initial region of the jet, the flow spreads in
a linear fashion. For practical purposes, the behavior of axi-
symmetric and plane jets is the same and the half-width, or ra-
dius b, of the jet is given by Ref. 35

b=0.22 x+ b,- (3.8)

Here x is the distance from the opening, and b, is the half-width
or radius of the opening. The centerline velocity of the p.ane
jer varies inversely with the square root of the distance from
the entrance. For the axisymmetric case, it varies inversely
with the distance. For turbulent jets the relationships are
(Ref. 35)

Plane Jet
e
ﬁS £ 3,8\/;—“:- (3.9)
o X-X0
Axisymmetric Jet
u
= -1-_3-—“"‘*_‘/—"— (3. 10)
o X-X

0

Here X = X/b_ and b_ is the opening half-width or radius, X is
the axial distance from the entrance, U is the entrance velocity,
U, the centerline velocity at distance X, and n and X, are
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parameters which depend on the flow coefficient, i.e., on how
much of the actual area of the opening is occupied by the jet.
For flow coefficients of K=0.70 (used in the cavity filling
computations) we find from the graplis in Ref. 35 that ib is - 4
for the plane jet and -3 for the axisymmetric jet. Similarly,
we find that the values of n are 0.81 and 0.71 for the plane
and axisymmetric jets, respectively. Hence, we rewrite the
equations for the centerline velocities as

Plane Jet
3.42 U
=38 U, [ (3.11)
iy
b
Axisymmetric Jet
v =12.4Vo.71 1045 U .
c X T TX (3-12)
-3 e +3
B, g

It is possible to give the exact bell-shaped velocity distribu-
tion in the main part of the jet as a function of distance from
the entrance (see Refs. 33 and 35). However, for the purpose of
estimating the effect on shelters, it should suffice if an aver-
age velocity in the jet is determined. From Ref. 35 an approxi-
mate formula for the volumetric rate-of-flow in the jet is

Plane Jet
s&’.‘.’ /-x_ P "
q Q- 0.375\/5- (3.13)
o o
Axisymmetric Jet
-ﬂ.'z X
q Qo ~ 0.155 E; (3.14)

Here Qo is the discharge rate at the entrance. Since the veloc-
ity is given by the discharge rate divided by the area, we can
easily compute the average velocity,

Uaverage = Q/A.
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In the case of the plane jet, A=b, Q is the discharge rate, and
A 1is the rate per unit height of the opening. Here

U b
SyerREe . 0.375\& or  Ugierege © 2372 \/x6, U,
o o o -
' (3.15)
For the axisymmetric jet
)
Q=mb Uaverage’
and (3.16)
Q- wbg Ugye
Hence
bz“a erage X box
— R = 0.155 5= or U, ..o T 0.155 U — .
bo U, o verag b
(3.17

Another average velocity can be defined by means of the velocity
distribution profile, thus, for the plane jet

= ! 1.5.2
U - Uc (L-¢7°") dé¢ = 0.45 Uc (3.18
o
and for axisymmetric jets:
1
U=u, 2[(1 -¢1-3)ede = 0.258 U (3.19)
4o

Here Uc is the centerline velocity, U the average velocity, and
€ =y/b, i.e., the variable defining the velocity profiles.

It should be noted that all the above formulas are only ap-
plicable in the main portion of the jet, that is, not in the
immediate vicinity of the entrance. Further, the expressions for
average velocity based on volumetric discharge give the same re-
sults as those obtained from the velocity profile. To estimate

the momentum flux pU2 it is sufficient to use the cavity deisity ,

with the appropriate velocity.
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To obtain the variations in velocity and jet width at a
particular location as a function of time, it is assumed that
the process is quasi-steady. We then simply determine the en-
trance velocity from the quasi-steady cavity filling calculations.
When the pressure ratio exceeds the critical, the flow at the
entrance will be sonic and the entrance velocity is then simply

p 1/2
=21 s
UO m E (3,20)

where Pg and pg are the blast wave pressure and density, re-

spectively.

For subsonic entrance flow, we get

) 1/2
P p l;l
2 S ey’
e o LI . (3.21)
Fs s

These expressions together with the preceding equations can then
be used to estimate velocities and momentum in the shelter dur-
ing the filling process. Obviously, if precise information on
discharge coefficients for the inlet ducting is available, then
the entrance velocities can be better estimated by multiplying
the given equations by the appropriate coefficients. The ex-

pressions as stated provide an upper limit of the entrance velocity.

Using the cavity filling results discussed and the theory
given herein, computations were performed to determine the be-
havior of the jet within a shelter from the time of blast arrival
to approximately the time when maximum cavity pressures are
reached. Computations were performed for a single shelter type,
the buried arch, described in Appendix A. This shelter contains
the least quantity of internal obstructions (intermnal walls,
partitions, etc.) of the group of shelters considered, and is
thus most adaptable to analysis for blast filling effects using
the one-dimensional theory.
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The entrance, centerline, and average velocities at a number
of locations within the shelter were cohputed in addition to
momentum flux. Such calculations were made using assumptions
based on a plane and a circular jet. The latter results in a
lower velocity. A flow coefficient of 0.7 was used. This value
was determined during cavity filling experiments (Ref. 25).

Some representative results are illustrated and discussed.

Figure 3.11 shows the plan area of the subject shelter. Jet
bcundaries and positions along the centerline at which velocities
were calculated are indicated. For the shelter considered,

56.2 percent of the floor area is affected by the jet when a plane
jet assumption is used, while 60 percent is affected when a cir-
cular jet assumption is considered. This is a substantial por-
tion of the shelter area. Wind (particle) velocity magnitudes
within the affected area are indicated in Fig. 3.12 using the
plane jet assumption. Duration is “ctween 1.1 and 1.4 sec. Corre-
sponding velocities at the entrance are shown in Fig. 3.13. These
are directly at the entrance (minimum duct area) and represent an
extreme condition for this shelter.

The data described were used for the purpose of analyzing
the translation of shelter occupants when located along the shelter
centerline., The formulation of the problem together with results
is presented in Chapter Five,
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CHAPTER FOUR
VULNERABILITY OF DUAL-PURPOSE SHELTERS TO FIRES

The evaluation of subject shelters (see Appendix A) regarding
their vulnerability to fires initiated by a nuclear detonation is
considered. Rather than limit the analysis to the selected shel-
ters, we have developed general relationships which are applicable
to a variety of situations. This approach provides better insight
into the problem. Methodologies used to evaluate the effects of
debris and mass fires on subject shelters are described and the
information developed is applied to the consideration of specific
examples. Finally, a few dual-purpose shelter sites selected in
the city of Detroit by the Bechtel Corporation (Ref.36) are eval-
uated.

The events of the last war and numerous studies during recent
years, have demonstrated that a nuclear detonation can produce a
serious fire situation in an urban area. There is concern as to
whether or not dual-purpose shelters can adequately protect occu-
pants against fire effects. In particular, this question was
hrought into focus by the experiences with the Hamburg fire storm
(Ref. 37). There is little disagreement about the severity of the
resulting destruction and the fact that large percentages of the
population originally from the fire storm area were able to sur-
vive; there is some uncertainty about whether most people escaped
the area before the fire storm developed or were protected by
shelters. Even though such uncertainty exists, the Hamburg experi-
ence cannot be dismissed out of hand. The Hamburg experience con-
stitutes an extreme case if it is remembered that very few U.S.
cities are as densely built up. The phenomenon of free burning
fires is highly environment-dependent; thus, a shelter structure
may be safe in one situation and vulnerable in another. For this
reason, it is impossible to assign a degree of fire safety to a
structure without considering its suiroundings.

This is especially true with fires produced by a nuclear deto-
nation in which a dual-purpose shelter may be exposed to a variety
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of fire effects (mass fires, debris fires, structural fires, etc.).
It can be expected that the sites for such shelters will be sel-
ected with fire safety in mind, isolated from other structures by
at least 40 ft, so that in the absence of mass fires the thermal
effects of nearby burning structures on the shelter will be of
little significance. On the other hand, it is not always possible
to provide situations which protect dual-purpose structures against
the effects of debris or mass fires. The studies described herein
concern these threats. Consideration is given only to thermal
effects since the state-of-the-art is rot sufficiently advanced

to evaluate the movement of combustion products into the shelter

area from externally burning fires. Available information is
limited primarily to the effects of fire gases on people which
is treated extensively in the existing literature (Ref. 38).

4.1 DEBRIS FIRES

The blast effects from a nuclear detonation produce debris
containing both incombustible and combustible material. The latter
may have been ignited by the thermal pulse and continue to burn
although displaced by the blast from its original location. This
then results in what is commonly called a debris fire.

There are many uncertainties connected with evaluating the
effects of debris fires on dual-purpose shelters. These pertain
to the distribution of the debris, and the amount and nature of
combustible material concerned. Past studies of debris distribu-
tion dealt predominately with incombustible material. Existing
information is either of a very detailed nature or uses a simpli-
fied approach of uniformly distributing the estimated amount of
structural material over some preassigned area. The latter method
is certainly more readily usable, and may be fairly accurate in
homogeneously built-up areas. This is probably not the case with
the sites of many dual-purpose shelters in nonhomogeneous areas.
Nevertheless, the methodology of uniform debris distribution seems
the most appropriate at this time and by judicially selecting
areas of possible debris deposition, conservatively probable re-
sults can be produced. This approach has been chosen for evaluating
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the effects of debris fires on dual-purpose shelters selected by
Bechtel Corporation (Ref. 36) and discussed in Subsection 4.5.

The amount of combustibles contained in debris is a func-
tion of the combustibles contained in the structures from which
the debris has been produced. This encompasses contents as well
as structural members. Both can be fairly well evaluated for given
structural characteristics and occupancies. Calculations of this
sort for a number of structures are presented.

Another uncertainty connected with the consideration of de-
bris fires, is the characteristics of fuel. 1t can be speculated
that the nature of heat release by the debris fires is a function
of (1) the amount of contained fuel, (2) the fineness of the fuel,
and (3) the amount of incombustible materials. At this time in-
sufficient information is available to account for the effectc of
these factors on the heat. output from the debris fires. At best,
one can select some suitabhle parameter for characterizing the heat

i

2O At s

release from such fires. In the analysis presented, the total
amount of fuel is selected for this purpose.

APREIR ”

4.1.1 Debris Fire Experiments

Until recently most of the information pertaining to heat
fluxes from debris fires was of a qualitative nature, based on
highly idealized assumptions. Some described temperature levels i
found in smoldering debris, others attempted to show that under
conditions of sufficient thermal resistance, the heat output from
debris fires is insufficient to affect the shelter environment.
Although these data provide insight into the characteristics of
debris fires, they do not lend themselves to calculation of heat
fluxes.

(i, Dl 0k e At

Information suitabie for this purpose was derived from ex-
perimental studies conducted by IITRI which were designed to de-
termine the temperature levels of surfaces of concrete clabs
exposed to debris fires (Ref.39). One full-scale and four labor-
atory experiments were conducted. The laboratory experiments in-
volved 3-1/2 in. thick, 8 x8 ft concrete slabs, subjected to four
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types of debris fires. Combustible and incombustible materials
contained in these fires are listed in Table 4.1. The full-scale
experiment involved an 8-1/2 in. compoéite concrete floor exposed
to a 6 psf debris fire with very little incombustible material
present. It corresponds to the situation of a combustible struc-
ture with contents burning in the tob of the shelter. The collapse
of the building roof onto the debris during the experiment pre-
vented heat release and increased the severity of heat flow into
the shelter. Because of these characteristics the full-scale ex-

periment is treated by itself, separately from the laboratory fires.

TABLE 4.1
COMPOSITION OF DEBRIS FIRES IN THE IITRI EXPERIMENTS

Experiments Combustibles(psf) Incombustibles(psf)

1 6.5 8.6
2 16.5 93.0
3 18.5 16.0
4 38.6 113.0

4.1.2 Heat Flow Analysis

The heat flow rates into the shelter are calculated utiliz-
ing the experimentally determined temperatures of exposed and
unexposed surfaces of the concrete slab and floor, described in
Subsection 4.1.1, subjected to the debris fires. A computer code
was develoﬁed which calculates the heat conduction through a slab
with radiative and convective heat flow at its surfaces. Were the
physical properties cof the concrete used in the experiments known,
the code could readily predict, from measured temperatures of the
exposed surface, the heat fluxes produced by the debris fires.
Since the physical properties were unknown, it was necessary to
use a trial and error method.

This is accomplished by performing the calculations with as-
sumed properties and comparing the computed temperature of the
unexposed surface with the experimentally determined ones.
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calculations are repeated with various property values until satis-
factory agreement is obtained. Properties which provide the best
agreement are then used to calculate the gradient at the exposed
surface corresponding to the net heat flux into the concrete slab.

The information thus determined on time-dependent heat fluxes
produced in the debris fire experiments is subsequently extended to
cover other fuel load cases and used to calculate the heat flow
through concrete slabs of various thicknesses. The calculation
assumes that debris fires burn only for 13 hr. After this period
the ashes act as an insulator for the exposed surface which cools
by heat loss into the shelter environment only.

The results of the analysis are presented in Figs. 4.1 through
4.5. Heat fluxes into the shelter produced by the full-scale de-
bris fire (~ 100 percent fuel) under the collapsed roof are given
in Fig. 4.6. The results given in these figures should be con-
sidered as tentative until more information pertaining to other
factors affecting debris fires is obtained.

4.2 FIRE STORM

In spite of valuable information provided by various studies
concerned with the phenomenon of the fire storm, it cannot be de-
scribed in sufficient detail to enable calculation of the heat flux
into a shelter. The available knowledge indicates that maximum air
temperatures within the fire storm region may be in excess of 2000°F,
accompanied by air velocities over 50 mph. If one considers average
conditions, these may correspond to air temperatures on the order
of 400°F. The temperature which may prevail in the vicinity of a
shelter cannot be predicted from existing information.

Consequently, calculations are performed for both the peak
(2000°F) and the average (400°F) expected temperatures. The fluxes
into the shelter are computed for radiative and convective heating
of the exposed surface, using an emittance of 0.9 Btu/hr sq ft,
since past experience has shown that the air within the fire storm
region contains considerable quantities of solids. A 50 mph air
velocity 1s used to evaluate the heat transfer coefficient.

146




avol Tdnd J0 NOILONNd V SV ONITIID Jdsodxd d0
1004 3YVNDS ¥Ad YIALTIHS FHL OINI FWId SI¥9Id WOdd MOTd IvaAH 1°+ 814

ay *2;3114 Syl JO 3A®IS ABIJY SwWIL

06 82 92 hz ZZ 0z 8 9 kI zIl o 8 3 9
T I T I _ T T I T T T T _ _ T |
Zf| -
[ o 0z
AOTUL_“uT O] L
uI112d
Ia312ys A Oh
g
09
‘ool
08
,33/41
pEOT Tend 001
0z
ohl
091
08|

Zn; ay/nag ‘a93Tays 9yl o3juy Xnid 3Iesay

147



APTYL

‘ur-Zz1
3ur113)d
I19313ys

T T A AT TR T Y T T T B R o N oy - R E T Py T T e T S N T I et Gt e P g b o
avo1 1dnd JO NOILONNA V SV HNITIZD adsodxd J0
1004 FAYNOS ¥Ad ¥ALTIHS FHI OINI FUIA STHGIA WOUd MOTd IVAH ¢4 "81d
ay ‘satd 9yl Jo 3aelxs A93IIJY SWIL
06 8 9 hZ ZT o0z 8l ] i zZ1 01 B 9 h
| | | | | | | | | | | |
Zil
|
( 0z
7 —
oh
| s -
09 £
(a d
\ -
o0l g8 £
Nuw\._..: »
=~
peo] 1andg ool 3
[o]
(a4
0zl 3
wn
j=
ohi O
s
(1]
2 §
o9t °
=
cr
[ oy
08l =
~
(g
00z "

[~ =]
-~
-4



avOl "TiNd 40 NOILONAA V SV ONITIFD aIsodXd 40
1004 F¥VNOS ¥Id YIALTIHS FHL OILNI HA¥Id SINgAd v WO¥d MOTd IVAH ¢ ¢ 814

1q ‘9314 943 Jo 1iels 193FV SWIL

0OE :[4 9z hi [44 0z el 91 hi Zl al B 9

1 I | baiy I | I [ % | | |

NITYL ur-gl

8ur119)
a331sys | g
0l
Z33/at
PEROT 81
/Tt
NPyl ‘ur-gl 4
8uri1a9d A
9319
19ys T
\ 0l -
Z33/at
peol 1and

0¢

(=]
e =

(=4
[

8
233 1y/nag ‘xnig 3esy

&

09

i St 3

149



B

bt St 7 s g

TS T R CRTTIDS TV e

avo'l 1dnd 40 NOILIIONAd V SV ONITIAD gAS0dXd A0 3
1004 F4vNOS ¥3d ¥ALTIHS FHL OINI AMIJ SI¥GIAd ¥ WOWd MOTd IVAH 4% "2

-
lu

Ay ‘8arj 2yl 30 31eIS WOIJ SWIL
113 82 9 W i 0 gl 9l hi Zl al 8 9 h

1 T | T T T T ! | T | T 1
z
"ur-1¢ m
SSsau)o1yl 5
8ur112)
" Q) —
Z33/a1
peol 1ang
I | | N“_T‘ 4 4 ¥ |} | i
ur-4z ) ©
SSaUNOTYL [
8uriiad
ol
Z33/41
peo1 Tang

0c

09

08

0C

Ch

09

Zq; ay/nag ‘xnig 3esy

(=]
[Ta]
—~



R o S 10

avoT Tdnd 40 NOILONAL V SV ONITIZD Q3IS0dXd J0
L1004 F¥VNDS ¥Ad ¥ILTHHS FHL OINI SAYIA SI¥9IA WO¥d MOTd I17aH S % 814

Iy ‘satd Jo 3Iels aA93IY SWIL
0€ 8z 9¢ he 'AA (114 81 ¢ hi 4 01 8 9 h [4

T 1 T T T T T T ¢
G —
01 = oz
Num.h__:n:. "ul-Gf ‘sssuydiul Burtian =1 Oh
peoT 1eng
| m it ! 1 | ] | | | | | | | 0
—.ll
Z33/41 —1 oz
peoT Tang
‘ur-g9g ‘ssauqoryl Furrrad - Oh
—

z:; ay,/nag ‘=nid Jeey

151



ONITIID @dSOdXd 40 1004
FYVADS ¥dd YALTAHS OINI J00¥ QISAVTIOD ¥AANN AYIA STI9IQ V WO¥d MOTA IVAH 9°% 314

1y ‘sa1d Byl Jo 3aelS Iyl 133Iy auwy]
0f B2 92 hZ ZZ OZ 8L 9 AL ZI O ® 9 h 2

| I | | | I | |
9F

"UE=71
gs5auyaTyl SuirI=en

a9

o0l

ozl

00z

oz

152

z:;; ay/n3g ‘aa3Teys ay3 ojuy mord 3eaH

D e R g < e



PRI S T

A 2 hr duracion of fire storm is assumed, after which time the ex-
posed surface is cooled by a 70°F wind moving at 15 mgn. Results
of the calculated fluxes for various concrete thicknesses are given

in Fig. 4.7.
4.3 FIRE VULNERABILITY OF SELECTED SHELTERS

As mentioned, the shelter site selection contributes to max-
imum protection from certain types of fires but debris and mass
fires remain as threats. The effects of these can rcadily be de-
termined from the relationships given in Figs. 4.1 to 4.7. The
graphs were calculated assuming that sufficient ventilation is
provided under all conditions to maintain a constant shelter tem-
perature of 80°F. The heat Fluxes intu the shelter shown in these
figures are due to temperature rise of the under surface of the
ceiling causing convective and radiative heat flow. The convective
coefficient used is 0.1 Btu/hr sq 't as recommended by the ASHRAE
Guide (Ref. 40)for downward-facing heated surfaces.

In order to use the grapis of Figs. 4.1 to 4.7, the thick-
ness of the shelter ceiling and the expected amount of debris fuel
must be known. The former is a function of the design overpressure
and has been prescribed for the shelters considered. The amount
of fuel in the expected debris fires depends on whether it arises
from initial content or deposits from other structures. In the
first case, the fuel density can be inferred from knowing the oc-
cupancy of the structure housing the dual-purpese shelter. The
latter requires knowledge of occupancy and structural characteris-
tics of the debris-producing structures affecting the shelter. For
the purpose of this study the Blast Resistant School and Com-
munity Shelter (Ref. 15) is assumed to contain 1 psf of fuel. A
fuel loading of 5 psf is selected for the other shelters which are
presumed to be covered by debris from nearby structures. Of course
this value may vary depending on the situation encountered, how-
ever, 5 psf seems to be on the conservative side.

Based on these assumptions the heat fluxes into the selected
shelters are summarized in Table 4.2. The values given are British
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thermal units per hour per square foot of ceiling area and can be
used to calculate the ventilation requirements to maintain the
desired levels of shelter temperatures. TFor example, a 10-in.
thick ceiling in the Blast Resistant School may permit 36 Btu/hr
sq ft heat or 360 Btu/hr per occupant assuming a 10 sq ft area
allocation for each occupant from debris fire.

For any prescribed condition of air supply and eifective tem-
perature of the shelter air, the ventilation ratc (VR) required
to remove the additional heat flow (QE) can be readily determined

by satisfying the following cquations:

W+ Y

“oBs = oo ¥ W ATV, (4.1)
O'OOOOJO‘M

Wg =W, t T (4.2)

where thRs and Chpo Are the dry bulb temperatures of the shelter

air and additionally supplicd air ("F), vespectively; Qq and QL

are sensible and latent heats, respectively, produced by cach
occupant (Btu/hr); Qk is the heat flow into the shelter from de-

bris fire (Btu/hr -10 sq ft); Vg is the ventilation rate (cu ft/min);
p is the air density (pcf); and ws and wo are specific humidities

of shelter and supply air (1b water/lb dry air), respectively. It

is noted that Eq. (4.1) gives only approximarve ventilation rates.
However, the error introduced is small and well within the accuracy
of the heat conduction analysis.

Equations (4.1) and (4.2) are used to perform sample calcula-
tions of ventilation rates per occupant required to maintain the
effective temperature of ~ 82°F within the shelter when the shelter
i3 subjected to various heat fluxes from debris fires. The dry
and wet bulb temperatures of the additionally supplied air are as-
sumed to be 75° and 67°F, respectively. The barometric pressure
is taken to be 29.92 in. of mercury. Results of the calculations
are shown in Fig. 4.8. Similar relationships can be developed for
other conditions of air supply and effective temperatures of the
shelter.
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Fig. 4.8 VENTILATION RATES REQUIRED PER OCCUPANT
FOR VARIOUS HEAT FLOW FROM DEBRIS FIRES
TO MAINTAIN ET = 82°F WITHIN THE SHELTER

The results of Table 4.2 show that, except for high fuel load-
ing accompanied by che collapse of the roof, doubling the ventila-
tion with a 21-in.-thick ceiling is sufficient to maintain a func-
tional shelter environment for most debris fires. Because ventila-
tion may not be possible during the fire storm period, even the
assumed 400°F average air temperature may produce an untenable shel-
ter environment. It must be emphasized however that this level of
temperature represents an upper bound of practical experiences.

|

The ventilation estimates based on the results of Table 4.2 ,
neglect any addition of moisture driven from the heated concrete. '
Tests with concrete floors (Ref. 41) and IITRI experiments (Ref. 39)
demonstrate that concrete when heated, emits moisture. The complexi-
ty of the moisture problem does not allow its treatment within the
scope of the present effort. This type of moisture emission should
not constitute a serious problem in the vast majority of practical
Civil Defense shelters.
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4.4 REMEDIAL ACTION

Various steps can be taken by the designer and the occupants
of dual-purpose shelters to protect the shelter against thermal
effects. The designer can use thick ceilings. 1In situations in
which this is impractical, radiation shields can be incorporated
to substantially reduce the heat flow into the shelter area. The
shields also serve as moisture barriers which may be of consider-
able significance for maintaining a successful shelter environment.

Required activities of the occupants are obviously those
which reduce'fire hazards; these steps could be taken both before
and after detonation. Steps taken before involve removal of fuel
situated over the shelter ceiling or its placement in positiomns
shielded from the thermal pulse. Suppression of all incipient fires
immediately following the detonation and removal of any debris de-
posited over the shelter eliminate the fire hazard to the shelter.
This suggests that dual-purpose shelters should contain equipment
suitable for debris removal.

4.5 EVALUATION OF FIRE VULNERABILITY OF SHELTERS
SELECTED BY BECHTEL CORPORATION (Ref. 36)

As mentioned, the sites for dual-purpose shelters are selec-
ted to provide maximum protection from possible fire effects. With
this in mind, the Bechtel Corporation selected numerous locations
in Detroit, Michigan, as possible sites. A pilot fire vulnerability
study was conducted using Zone 7 of the Bechtel study (Ref. 36) to
evaluate how well these sites are protected against fire effects.

~ The possible effects of nearby burning structures and debris fires

are the prime concern in this respect. A quick review of the se-
lected shelter sites reveals that the choice of Zone 7 is good,
and burning nearby structures will have little thermal effect on
the shelters. However, the debris problem requires more careful
examination.

The existing literature does not detail the effect of blast
on striated structural materials, such as wood, which has greatly
differing properties in transverse and longitudinal directions.
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Nor is information available on the trajectory differences of mate-
rials of differing densities and thicknesses. The fire problem is
further clouded by differeuces in philosophies for prediction of
debris formation and trajectories. Thus, Ahlers and Feinstein
(Ref. 42and 43) have frangible particles flying farther; and Rotz
(Ref. 44) presumes that the debris will fill empty spaces (lots,
alleys and streets) to a uniform depth.

The approach used 1is to estimate the combustible components
as well as the incombustible ones in typical structures and to dis-
tribute these components over & predetermined area. Table 4.3 ex-
presses the cubic feet of debris produced per square foot of original
house area for several typical house structures. For calculation
purposes a basic house size of 1200 sq ft is assumed. In actual
practice, smaller structures, being less efficient in space utiliza-
tion, contain somewhat more wall material per unit area.

TABLE 4.3

ESTIMATED COMBUSTIBLE AND NONCOMBUSTIBLE COMPONENTS
OF SEVERAL TYPICAL STRUCTURES

SFEne fuEal Noncgtglg\:i:ible Combustible Debris(cu ft/sq ft)
Type (cu ft/sq ft) Structural Contents

One-Story Frame
Garage 0.10 0.25 0-0.03
One-Story Frame
Dwelling 0.15 0.80 0.15
One-Story Brick
Dwelling 1.30 0.55 0.15
Two-Story Frame
Residence 0.25 1.10 0.20
Two-Story Brick
Veneer Residence 1.75 1.00 0.20
Two-Story Brick
Residence 2.10 0.80 0.20
Three-Story Brick
Flat or Apartment 3.90 1.26 0.27
School House - Noncombustibles calculated as 10 cu ft debris/

story ft of perimeter plus 5 cu ft/story ft for

corridors (estimated classroom size 30 x 30 ft).

- Combustible estimated at 38 1b/pupil.
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Because the structures are in an old area of the city, they
are assumed to be one- and two-story dwellings, and three-story
apartments or flats. This assumption increases the combustible
contegt/of the two-story structures above the average. However,
offsetting this is the probably heavier loading in some of che
stores which are marked but not identified as to type in the Sanborn

maps used in the study.

The original assumption of uniform distribution of debris
from any structure within a 200 ft radius results in very low de-
bris depths, particularly of the combustible debris. However, if
the radius is increased, the debris deptn and amoun: of combustible
debris incease. Therefore the original 200 ft radius was increased

to 300 ft.

The results of the analysis of those shelters studied, are
summarized in Table 4.4. The most serious result is Site 7-8,
where a predicted debris depth of 1.7 ft with a potential fuel
load of 7 psf would produce a heat flow of 40 Btu/hr sq ft into
the shelter (according to Figs. 4.1 through 4.5). For this heat
flux, conditions within the shelter would be intolerable unless
the ventilation requirements are doubled or countermeasures insti-

tuted,
TABLE 4.4

FIRE VULNERABILITY OF SHELTERS IN DETROIT, MICHIGAN,
ZONE 7 OF BECHTEL STUDY (Ref.36)

Debris Composition Maximum Radius
Shelter Debris Percent Heat Flux of
i Nven Depth |[Voids into Debris
l (ft) Rubble | Combustibles Shelter Scatter
| @tu/hr sq ft)| (ft)
, 7-1 10.24 50 | 38.0 12.0 9 200
; 7-2 11.00 50 | 38.0 12.0 26 300
[ 7-3 ]0.54 50 | 38.5 11.5 16 200
; 7-3 10.58 50 | 37.6 12.4 17 300
| 7-4 10.91 50 | 33.8 16.2 32 300
7-5 10.50 50 | 34.6 15.4 20 200
7-5 11.20 50 | 37.5 12.5 32 300
i 7-8 11.70 50 |{35.9 14.1 40 300
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CHAPTER FIVE
SURVLIVABILITY AGAINST BLAST-INDUCED AIRFLOW

This chapter is concerned with the survivability of shelter oc-
cupants when subjected to blast-induced airflow if the blast doors
are left off or open. Specifically, we are concerned with over-
pressures which will cause fatalities to personnel as a result of
impacting a rigid object.

When a shelteree impacts with a rigid object such as an RC
wall or floor, fatalities may be produced at relatively low veloc-
ities (in the range of 10 to 15 fps). Considering the density of
shelterees in any given shelter (10 sq ft per person), it seems
likely that numerous persons undergoing translation will collide
with other shelterees before encountering a rigid object. In addi-
tion, those shelterees who are close to a wall will not be accel-
erated to high speeds before impacting the wall. For these rea-
sons, the impact criteria given in Ref. 50 is more appropriate for
shelters considered herein than the 10 to 15 fps range given above.
Data given in Ref. 50 and reworked in Ref. 61 is reproduced below.
Strictly speaking, these values are applicable to a 70 kg animal
but are here assumed to be applicable to the general shelter

popuiation,
Mortality versus Impact Speed, vimp
Threshold 20.9 fps
107 24.7
50% 26.2
90% 27.7
95% 27.9

In this study we are specifically concerned with overpressure
which will produce fatality to personnel at the 95 percent level.
Shelteree acceleration hazards other than impact are not consid-
ered in this study though their probable occurrence is recognized
as discussed. The effects of acceleration of short duration with
respect to ejection from jet aircraft are discussed in Ref. 62 and
briefly summarized herein.

When a pilot is ejected from an aircraft, the airstream en-
countered exerts on him an aerodynamic pressure referredto as wind-
blast, ram pressure or 'q". The effects can be divided into those
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produced by direct pressure on the body, and those produced by
flailing of the head and other extremeties. The results of the
study (Ref. 62) indicate that the threshold of injury in ejection
seats with little or no restraint appears to lie in the region of
a q of about 4.5 psi while fatal injury probably occurs at a q of
8.5 psi or more under similar conditions. 1In 20 U.S. Air Force
ejections at speeds between 550 and 650 knots where q loads of
between 7 and 10 psi were involved, nine fatalities and eight
major injury cases occurred, all largely attributable to wind-
blast. It is postulated herein that when a shelteree is located
in a portion of a shelter that is subject to the onslaught of a
jet, the resultant acceleration may be likened to that experienced
by a pilot who iIs ejected from an aircraft at high speed.

The hydrodyaamic computational methods available are limited
to a one-dimensional, timewise description of the flow field in-
side a shelter; obviously, shelters containing many partitions
could not be properly analyzed for the resulting internal airflcws.
Consequently, the study is limited to the single room arch type
_ shelters (Fig. 3.11). The flow field resulting from the blast

wave entering the room is assumed not to be affected by the pres-
ence of the shelter occupants. To actually account for the ef-
fect of the occupants on the flow field would require at least a
two-dimensional computational procedure.

Briefly, there are two phases in the one-dimensional flow
field used, namely, tne shock diffraction phase (SDP) and the
drag phase (DP). As the names imply, the SDP phase is a result
of the initial shock which enters the shelter and the DP phase is
a result of the large particle velocities which exist behird the
shock. The SDP phase exerts primarily horizontal forces on the
man, whereas the DP phase can produce both horizontal (drag) and
vertical (1ift) forces. The lift forces are present if the body
tilts from its initially vertical position. The inclined body
behaves as an airfoil wherein the 1ift may be either positive or
negative depending on whether the tilt is toward or away from the

direction of flow.
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5.1 GOVERN'NG EQUATIONS OF MOTION FOR A TUMBLING MAN

The development and integration of the governing -equations
of motion for the tumbling man model are presented. The man is
assumed to be a single rigid body of mass acted upon by two posi-
tion and time dependent forces D(x,y,8,t) and L(x;;TO;tj, the
drag and lift forces respectively. The response motion is con-
sidered to be planar, thus only three-degrees-of-freedom are
necessary to describe the position of the man at any given instant
of time; namely, the two horizontal and vertical coordinates of
the center of gravity and the angular center of gravity rotation
(x(t), y(t), 0(t)) respectively.

The man is initially assumed to be either standing (Fig.5.1),
prone (Fig. 5.2) or sitting (Fig.5.3). A generalized orientation
model is shown in Fig. 5.4. By appropriately defining the param-
eters h, Sl’ 82 and dl’ all three tumbling man configurations
can be made a special case of the generalized model. Consequently,
we need only develop the equations of motion for this one case.

5.1.1 Governing Equations

Six possibly distinct modes of motion are considered in the
tumbling man analysis and are summarized below:

Mode
1 Free-Free
2 Sliding only
3 Tipping only (right end)
4 Tipping only (left end)
5 Tipping (right end) and sliding
6 Tipoing (left end) and sliding

The forces acting in each of these six cases are represented in
Fig. 5.5. In each case the equations of motion for the center
of gravity coordinate (x,y,8) are given by the equations,

2 2 2
d™x d d®e
SF. =m , SF_=m SM =T (5.1)
x de2 o4 act a2
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Free-Free
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FVE
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—a o  (Right End)
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D
——
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Mode 2
Sliding

777 7 7
Hl 1 {HZ
Fui Fya
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"y
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¥
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B Mode b
,f’( Tipping and &liding
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Fig. 5.5 SIX POSSIBLE MODES OF MOTION
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subject to constraints F,(x,y,8,x,y,8,t) =0
i=1,2,2...1

The terms§7Fx, ?Fy,F?M refer to the summation of the hori-
zontal forces, vertical forces and moments, each taken about the
center of gravity. This expression differs of course, according
to which of the six modes of Fig. 5.5 we refer. The i=1,2,...1
functions refer to geometrical constraints relating to any de-
pendence between the variables 0,x,y (e.g., rhe pivot in mode 3
implies that y=r, cos(¢2-9) and x =r -r, sin(dZ-O) where rz,éz
and X, are known constraints). There will always be erough
constraint equations available so that the unknowns in the prch-

lem (x,y,O,Fvl,sz,Fﬂl,FHZ) balance the number of equations they

must satisfy (three equations of motion (5.1) and one constraint).

In general, the final form of the governing equations will be
nonlinear and thus must be numerically integrated. The nonlin-
earity arises from the nonlinear constraints and the fact that

the lift force (L), drag force (D) and center of gravity distances

(A,8) are prescribed nonlinear functions of x, y and 8. The
functional dependence of the quantities of x, y and 6 are dis-
cussed in detail in Subsection 5.2. "

For the purpose of setting up the numerical integration, we
represent the governing equations in terms of a set cf six simul-
taneous first order equations with x, y, 0, g%, %%, %% as the
unknowns to be determined. All the reaction forces can be elimi-

nated from the equations of motion via the constraint relations.

The resulting first order form of the governing equations for each

of the six modes shown in Fig. 5.5 are given. The unknowns are
relabeled accordingly,

xlr—.'Q

Xy = de/dt

X, = dx/dt (5.2)
X5 = Y

xg = dy/dt
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Mode 1: (free-free).--This mode prevails whenever the ver-
tical reactions require a negative value (since the ground can
only provide an upward resistance, the body will lift off when-

ever FV1<0 and FV2<°) ,

i dxl-‘ i ]
at X2
dx2
I (DA +Le) /T
dx3
qc | .| %
dx4 (5.3)
?t_ D/m
. de
ot X6
dx6 1
e BB a0 |

where

Fyp = Fyp = Fyy = Fyp = 0.

Mode 2: sliding only.--This mode prevails if the vertical

reactions are both positive, Fy; > Fyp, =0, and x, # 0,

-

£ dxl- I-
ot X2
dx
2
aIc 0
dx
7&3' A
) - (5.4)
X
2| | @-u sen(x) im-1)) /m
dx5
ot X6
d
x6 0
l ?E_J ! .J
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where the reactions are determined by

Fyp = [(mg-L1)(S,-1d; Sgn(x,))-(Da+18)|/[5) +s,]

Fyp = mg - L-Fyy

Fyp = - #Sgn(x,) Fyy
The variable . is the coefficient of friction for contact between
the floor and man. The expression Sgn( ) refers to the '"sign
function'" where

Sgn( ) +1 for ()>0
= -1 for ()0

Mode 3: tipping only (right end) .--This mode is in effect
if FV2>0’ Fy1 =0 and the horizontal pivot force is locked
against sliding, ]FH2|<uFV2 . It is notationally convenient
te define the variables

*= 62 - X3
Ay = [ L6 +DA+Drycosy - (mg-L) r,siny ]/{T+mr’§]'

Then the governing equations can be written in the form

i dxl ] F |
X
dt 2
dx?
3 fig
dx3 .
dt 4
c‘x4 = 2 . (5 > 5)
v o r2 A3 casy +r2 (xz) siny
de .
dt 6
dx6 2
Ht_J r, A3 siny +r2(x2) cosy
i | -
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where the reactions are determined from

F. =0

vi "~ Fm

Fyp ™ m[r2 Aq siny - rz(xz)zcosw] .+ mg - L

FHZ - erz A3 COSW+r2(x2)zsin'WJ -D

Mode 4: tipping only (left end) .--This mode is in effect if
FV1>0’ Fy, =0 and the horizontal pivot force is locked against
sliding, ]FH1|< WFyy - The variables can be defined,

Vs x T
A, = [Lé +D4 +Drycosy + (mg-L) rlsinﬁ]/ft'f+mr

2]
.

Then the governing equations can be written in che form:

de1- - -1
gt X9
dx2 i
T M
t .14 (5.6)
dx“ A os7V - 2 iny
gc 4r1c [} rlxzs ny
dx5 .
dc 6

dx6 2 -
-d-t-_! -A4 rlsirﬂ"-r1 Xy cosu

=

where the reactions are determined from

=0

Fya = Fyp
= pu |

Fv1 = m[- A4 rlsinw -r x% cosy |+ mg - L

Fy1 = m[ A, rlcosV- ry x%sinﬂf] -D.

Mode 5: tipping and sliding (right end).--This mode applies
if Fy;=0, Fy,>>0 and the horizontal pivot force does not lock,
Fyyp = WFy Sgn(:'ch) and ;ch ¥ 0, where

XBZ - X4 - r2 XZ COS(dZ ol Xz)
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is the horizontal velocity of pivot point B, in Fig. 5.5. The
variables are defined,

Vo= -x

f

AS = lDA +L¢ +m(-r2 xg cosy +g - L/m) (rzcosw Sgn(;ch) =Ty siny)

-~ [ T-m r% siny (cosy Sgn(chz) u-siny) J

Then the governing equations can be written in the form:

Fdxl- F i

qc 4]

dx
2

Y. Ag

dx3

qc X4 |
d = (5.7)
4 D/m - Sgn(x,,) u(-r xzcosw+r siny A +g - L/m)

qt gnlxgy) Hi=Ty X 2 578

| dx i

75 |

| X6

dxg 3 2

L-a-td trzx2 cosw+r2A5 siny .

where the reactions are determined from

F,b7 = Fy1 =0

vVl H1
sz = m(- r, xg cosy + r, A5 siny) + mg- L

Fyp = - Senlxpy) uFyy

Mode 6: tipping and sliding (left end) .--This mode applies

if Fv2=0, FV1>O and the horizontal pivot force does not lock,
Fy1 =Fn Sgn(:'cBl) and ;‘Bl # 0, where

;‘Bl = X, - T X cosy

is the horizontal velocity of pivot point By in Fig. 5.5. The
variables are defined,

WE ¢1+x1
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Ag = [ DA+ L8 +m(-x5 r) cos¥ +g - L/m) ry cos¥+r “Si“WSg“(*Bl»}

+ [ T+m r% siny (cosy + usiny Sgn(ﬁBl)) ] .

The governing equation can be written in the form:

rdxl F
ac L) ‘
l dx2 |
A
dt 6
dx3 .
at 4
an = (5.8)
Ttll D/m - Sgn(:’cBl) - x% r1c031ﬁ' -Ag 1 sin +g - L/rn}
dx5 !
gt | X6
dx :
6 2 ¥
- X-r,cosV -A, r,siny
_?'t-_‘ !_ 271 6 1 |
where the reactions are determined from
Fyp = Fyp = 0
FVI = m(- xg rlcosi’- A6 ry sinV) +mg - L

Fqp = - 4Fyy Sgn(iBl).

5.1.2 Integration of Governing Equations

At time zero, the pressure loading D begins to act on the
rigid mass. The mass is assumed to be initially at rest and to
remain stationary until the applied forces are large enough to
start the body in motion in one of the six modes shown in Fig. 5.5,
A static analysis for the sigma and magnitude reactions Fy1» Fyao
Fu1 and Fuo is the determining factor as to which of the six modes
is first activated. For example, if with an incremental addition
of applied force a vertical reaction passes from positive to
negative, this implies that the end will 1lift up since negative
reactions cannot be physically experienced.
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- when to switch modes.

Once the starting mode is established, the appropriate
governing set of equations for that mode are numerically in-
tegrated by means of a fourth order Runge Kutta algorithm. The
starting mode is assumed to be applicable for all subsequent
time increments until either a rigid censtraint is encountered
(the tumbling man hits a floor, wall or ceiling); or the condi-
tions for which the mode equations are valid are violated. An
example of the latter is when the body is in mode 5 (sliding
and rotating) at time t with Fys equal to a small positive value.
Suppose that at t +At, Fyo crosses the origin and is a small
negative number, this situation is not physically possible. At
this point the body is just starting to lift off (mode 1) and
the new appropriate differential equation of motion should be
used. The transition from mode-to-mode is performed automatically
by the computer program. The reactions (FVL’ sz, FHl’ FHZ) are
monitored at all times and are che key factors which indicate

It should be pointed out that only mode transitions are al-

lowed which do not result in impacting hard constraints. For

e i i

example, once the program is in mode 1, it can never return to
mode 5. This is because such a transition would involve an im-
pact when the body retouches the floor. To properly carry the
problem bevond the impact, a separate problem must be solved for
the instants before and after impact. Such an analysis would
enable us to properly proceed with the tumbling problem.

5.2 DETERMINATION OF SHELTEREE AERODYNAMIC BODY FORCES
AND POINT OF APPLICATION

We are concerned herein with developing the equations for :
the determination of the aerodynamic body forces (lift L(x,y,0,t) {
and drag D(x,y,0,t)) and points of application with respect to
the mass center of gravity (horizontal distance &5(x,y,9,t) and
vgrtical distance A(x,y,0,t)). The variables L,D,5,A are shown

175

s &



in Fig. 5.4. We substitute L, D, 4 and A in the remainder of
this section for the cumbersome argument notation (x,y,0,t).

5.2.1 Load Determination

The loads on shelterees are subdivided into the shock dif-
fraction phase and the drag phase (see Ref. 46). One-dimensional
quasi-steady analysis is used to estimate both the shock loading
and the velocities during the cavity filling process.

Since most shelter geomet.ies a.e complex, we selected as
an example of the expected shock a simple arch shelter illus-
trated in Fig. 2.15 and 3.11 of Ref. 14. The entrance configura-
tion is given in Fig. 3.11 and the duct and door details are
given in Fig. A.10. The overall dimensions of the lower level
of this shelter are as follows: length 81 ft, cross-sectional
area 307 sq ft, and volume 26,805 cu ft. The cross-sectional
area of the doorways at either end of the entrance tunnel is
11 sq ft and the area of the tummel itself is 31.76 sq ft.

We note that the doorway orientation is such that a blast
wave traveling side-on, relative to the ground, will strike the
entrance nearly head-on. Since the reflecting surface (bulkhead
area) is only about three times larger than the door area, data
from Ref. 47 should be used to determine the entering shock wave.
However, the doorway really vepresents an orifice plate since
just downstream of it, the tunnel enlarges to the area of the
bulkhead; thus, we use those data given for the shock transmission
through an orifice (Ref. 25) to estimate the shock entering the
tunnel. This, in general, yields slightly higher pressures than
would the Ref. 47 data. The shock now propagates with essentiall:
undiminished strength to the end of the tunnel where it encoun-
ters a 90 deg turn followed immediately by the second doorway.

No data exists to treat this particular situation. Some data are
available from simple area restrictions in a channel; however,
the current situation is more complex in that the doorway is
followed directly by a large area change into the room proper.
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Past experlence indicates (Ref. 25) that a rough estimate of
the change in overpressure at a channel convergence or sudden
increase in area can be obtained from the formula

2Ap1

= 5.9
APZ AZ ( )

Here subscript 2 refers to the downstream part of the channel
and subscript 1 refers to the upstream part. Thus, Ap, is the
overpressure of the incident shock wave and Py is the overpres-
sure of the transmitted wave at a sudden change in area. The
formula is based on acoustic theory but gives reasonable results
for fairly strong shocks even in the case of large area changes.
We thus employ this equation to estimate the shock which propa-
gates into the doorway. A repeated application of the formula
then permits the estimation of the strength of the shock propa-
gating through the shelter space.

However, the ratio of the shelter width (35 ft) to the door
width (2 ft) is used rather than the shelter to door area ratio.
This is justified on the basis that the lower part of the shelter
presents basically a two-dimensional geometry bounded on top and
bottom by the roof slat and floor respectively Thus, little
expansion of the shock wave in the vertical direction takes place
and the primary expansion is in the horizontal plane. The shock
pressure estinates, obtained in this fashion, are believed to be
conservative for distances of ten door widths (~ 20 ft) or more
into the shelter. Along the door centerline from the doorway
proper to the quoted distance, the shock decays in an exponen-
tial manner (Ref.45). Thus it is in this region adjacent to the
door that the highest velocities and pressures may be expected.
The values computed for the entranceway and the inside shelter
proper are upper and lower bounds respectively for this region.
At distances greater than ten door widths the shock strength
estimated should present an upper bound of the shock pressure that
may be expected in the shelter.
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The shock in the shelter propagates until it reaches the
back wall where normal reflections take place. The velocity be-
hind the reflected wave (for assumed normal reflections) is com-
puted to be zero. This, in general, is not quite true since in
the real situation, a multiple shock configuration exists which
is caused by the reflection from the side walls. However, in
any case the velocity behind the reflected shock wave will be
considerably less than behind the incident wave. Thus the latter
velocity can be used as an upper bound during the shock diffrac-
tion phase. Before the reflected shock returns to the entrance,
it is broken up by the in rushing jet like flow, thus ending the

diffraction phase.

Because the shock diffraction around the human body is of
very short duration and since the drag lcad due to the jet inflow
is quite severe, the effect of the reflected shock is neglected
in the estimation of net loads. In order to estimate the veloc-
ities and drag forces that may be expected inside a shelter space,
the values of these quantities are computed, based on the theory
of free jet expansion. Since the velocity profiles obtained in
incompressible flow are nearly identical with compressible flow
profiles (see Ref. 33 through 35) the former are used since they
can be defined by simple mathematical expressions. In general,

a free jet issuing from a small opening has a bell-shaped axial
velocity distribution as shown in Fig. 5.6.

Fig. 5.6 JET PROFILE
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The velocity is a maximum at the centerline. The maximum
velocity which occurs in the opening from which the jet originates,
persists for some distance into the free jet in a cone-shaped re-
gion. Maximum penetration occurs again at the centerline and is
equal to approximately four diameters for an axisymmetric jet and
about five orifice widths for the plane two-dimensional jet.

Beyond this initial region of the jet, the flow spreads in
a linear fashion, For practical purposes, the behavior of axisym-
metric and plane jets is the same and the half-width, or radius b,
of the jet is given by (Ref. 35)

b = 0.22 x+b, . (5.10)

Here x is the distance from the opening, and b, is the half-width
or radius of the opening. The door geometry of the shelter under
consideration suggests that the plane jet will provide the better
approximations. The centerline velocity of the plane jet varies
inversely with the square root of the distance from the entrance.
For turbulent jets the relationship is (Ref. 35)

U - .
ﬁS'E 3,3\/_."_ (5.11)
(o] X —XO

Here X = X/bo and b, is the opening half-width, X is the axial
distance from the entrance, U  is the entrance velocity, U, the
centerline velocity at distance X, and n and Yo are parameters
which depend on the flow coefficient, i.e., on how much of the
actual area of the opening is occupied by the jet. For flow co-
efficients of K=0.70 (used in the cavity filling computations)
we find from the graphs in Ref. 35 that Xo is -4 for the plane
jet. Similarly, we find that the value of n 1s 0.81. Hence,
we rewrite the equations for the centerline velocities as

(5.12)
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It is possible to give the exact bell-shaped velocity distribu-
tion in the main part of the jet as a function of distance from
the entrance (Refs. 33 and 35). However, for the purpose of
estimating the effect on shelterees, it suffices if an average
velocity in the jet is determined. From Ref. 35, an approximate
formula for the volumetric rate-of-flow in the jet is

i - X
q QQ =o.375\/po (5.13)

(o]

Here Q, is the discharge rate at the entrance. Since the velocity
is given by the discharge rate divided by the area, we can easily
compute the average velocity.

Uaverage = Q/A. (515

In the case of the plane jet, A=b, Q is the discharge rate, and
A is the rate per unit height of the opening. Here

U

b
average _ X 0,375
—UT&_O ? 0.375\/E—0 or Uaverage ——E—VXbo . (5.15)

Another average velocity can be defined by means of the ve-
locity distribution profile, thus

- ’ 1.52
u-ucfu-g ) dt = 0.45 U . (5.16)
(o]

Here U, is the centerline velocity, U the average velocity, and
€ =y/b, i.e., the variable defining the velocity profiles.

It should be noted that all of these formulas are only ap-
plicable in the main portion of the jet, that is, not in the
immediate vicinity of the entrance. Further, the expressions for
average velocity based on volumetric discharge give the same re-
sults as those obtained from the velocity profile. To estimate
the momentum flux pU2 or the dynamic pressure it is sufficient
to use the cavity density p with the appropriate velocity.
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To obtain the variations in velocity and jet width at a par-
ticular location as a function of time, it is assumed that the
process is quasi-steady. We then simply determine the entrance
velocity from the quasi-steady cavity filling calculations. When
the pressure ratio is less than the critical ratio, the flow at
the entrance will be sonic and the entrance velocity is then

simply
p_11/2

r
- 2 s
UO_,!V—"'L[F;J (5.17)

where Pg and pg are the blast wave pressure and density, respec-
tively.

For subsonic entrance flow, we get
1/2
(5.18)

These expressions together with the preceding equations can then
be used to estimate velocities and momentum in the shelter during
the filling process. Obviously, if precise information on dis-

charge coefficients for the inlet ducting is available, then the
entrance velocities can be better estimated by multiplying the

given equations by the appropriate coefficients. The expressions
as stated herein provide an upper limit of the entrance velocity.

Using the cavity filling results (Ref. 25) for the arch
shelter at peak pressures of 50, 30, 20 and 10 psi, we perform
computations giving the jet behavior from the time of blast arri-
val to approximately the time maximum cavity pressures are
reached. The entrance velocities, the centerline velocities,
the average velocities at a number of locations in the cavity,
and the momentum flux are computed. For the plane jet, a flow
coefficient of 0.70 was used. This value was established during
cavity filling experiments (Ref. 25) and is also used in the
filling computations.
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The calculated jet flow and the shock wave estimates are
used to predict the loading on typical shelterees. During the
shock diffraction phase the shock wave strikes the shelteree and
diffracts around him when the shock wave has cleared the person
the static pressure equaiizes and thé remaining load is produced
by the flow velocity. Initially this is the particle velocity
assoclated with the shock wave. At later times it is equal to
the velocity produced by the quasi-steady jet inflow. The latter
velocity varies with the shelteree's location in the shelter and
with time. A typical.loading diagram is shown qualitatively in

Fig. 5.7.

Pressure, p

—p Time, t

Fig. 5.7 LOADING DIAGRAM (Not to scale)

It is assumed that during the diffraction phase the loading on a
person is similar to that on a cylinder in an upright position
being struck by a shock normal to its axis. Using the informa-
tion of Ref. 46 one finds that the rise time t, to maximum pres-
sure due to shock reflection is

= D q]
tr m \5. 19)
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where D is the diameter (estimated at 1 ft for people) and U is
the shock velocity. The tinle of shock clearance or end of the

diffraction phase is
= 3D
For the pressure range of interest the maximum pressure
Pmax is obtained by a simple formula based on the data of Ref. 46.
For shock overpressure Pg and Prax given in pounds per square
inch the equation is

Prax = (1-700 +0.023 p.) p - (5.21)

The value of qq is simply the dynamic pressure of the shock flow,
=
g = 7 s Ys (5.22)

where Pg and u, are the shock density and particle velocity re-
spectively. The variation of the load between zero and Prax and
also between Prasx and qé is assumed to be linear. Similarly a
linear variation of the dynamic pressure is assumed between g
and q. where the latter is the dynamic pressure associated with
the initial value of the quasi-steady jet flow. The time tj is
estimated from the difference in velocities between the shock
front and the jet velocity. Since the latter even in the initial
instant varies with distance from the door, we assume for pur-
poses of estimating the time tj that the jet velocity is the
average between the entrance velocity and the jet velocity per-
taining to the actual location of the shelteree. Thus tj is
obtained from

d

o
ts = . (5.23)
j U-0.5 (ueo+uj05

Here d0 is the distance the shelteree is located from the shel-
ver entrance, U is the shock velocity, Uso is the initial entrance
velocity as defined by adiatic inflow conditions, and u., is the
initial jet velocity at the location d,- The actual loading on
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a shelteree also depends on his orientation relative to the flow
direction which is always assumed to be horizontal. During the
short diffraction phase it is assumed that the load is also hori-
zontal K its magnitude being equal to the product of the pressure
times the projected area. A value of 7 sq ft for projected area
1s used for a typical shelteree in the upright position. During
the drag phase of the loading a person experiences both drag
(horizontal force) and lift (vertical force). The magnitudes of
these loads vary with the orientation. Reference 48 reports data
for the drag on people in the upright and prone positions. Also
given is the maximum lift that may occur.

Based on these few data points and on the typical aerodynamic
behavior expected for cylindrical bodies (Ref. 49) the load varia-
tion for shelterees with orientation is constructed. The drag
and lift forces are normally defined as

D =ChqA (5.24)
I,-CLqA.

Here q = % pu2 is the dynamic pressure, A is a representative
area for the body under consideration and D. and C; are the drag
and lift coefficient respectively. An alternate representation

is in terms of drag area AD and lift area AL’ where
Ap = D/q

5.25
A = L/q . ( )

It is in this form that the daca of Ref. 48 are given. We
assume that the 1ift area varies as the sine of twice the angle
of attack 20 having its maximum at ¢ = 45 deg and being zero at
a =0 deg and ¢ = 90 deg. The drag area is assumed to vary as
sinza. For calculation purposes these variations are expressed

in terms of the angle @, which is defined by the angle between

the vertical and longitudinal axis of the shelteree (see Fig. 5.1).
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The anglc of attack is defined in terms of @ as
ﬂ
0-9-7.
The equations for drag and lift are

2 ™
Ap = Apmin + (ADmax -ADmin) sin” (8 - y)
A, *» A . 8in (20 -7)

(5.26)
L

The values of the maximums and minimums are given by Ref. 48,
based upon a weight of 165 lb and an average height of 4.¢ ft.

= 1.2 sq ft

Lmax

ADmin
A = 9.0 sq ft

Dmax
2.5 sq ft

ALmax

From this discussion it becomes clear that the earlier pre-
sented load diagram (Fig. 5.7) only represents the net load on
a shelteree during the diffraction phase. The remainder of the
diagram is simply a presentation of dynamic pressure in the shel-
ter. The total load is calculated by combining vectorially the
products D = qAD and L = qAj - Obviously the value of q is a
function of the shelterees position (distance from the entrance)
and time, while the values of AD and AL are functions of orien-
tation only.

With the currently available data it is possible to calcu-
late loadings for positions from 10 to 80 ft from the entrance
and located along the centerline of the entrance opening. Blast
wave overpressures between 10 to 50 psig may be considered.

5.2.2 Determination of Point of Application

No aerodynamic information with regard to moment coefficients
or what is equivalent the point of force application (center of
pressure) is available for shelterees. In the current calcula-
tions it was assumed that the drag force is always applied in the
center of the projected area normal to the horizontal flow velocity.
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r

o 1/
A= ih/2 'd1]°059'+2l51"32]5in9 (5.27)

No point of application for the lift force is specified. This
is equivalent to assuming that the lift force L is at all times
acting directly through the center of gravity, or that S=0

(see Fig. 5.1). Thus the aerodynamic moments computed are based
only on the drag component of the load which is normally much
larger than the lift.

5.3 TUMBLING MAN SURVIVABILITY RESULTS

The results of the tumbling man analysis are presented. The
computer program discussed in Appendix E generated all the re-
sults presented here. The loadings on the sheltereec are those
described in Subsection 5.2, the governing equations of motion
are those presented in Subsection 5.1. For prescribed values
of the

weapon (MT size),

shelter,

position,

shelteree orientation (standing, prone, sitting),

we first determine the critical overpressure, Pg, which will
result in a fatal collision of a single shelteree with a hard
constraint (floor, end wall, ceiling), when the blast doors
are left off or open during an attack. Then, based on the
survivability of the individual shelteree located at various
positions throughout the shelter, we construct a percent sur-
vivability versus overpressure curve based purely on the blast
induced airflow.

Because overpressure appears implicitly in the problem soiu-
tion, we cannot directly solve for the Pg value. Instead, we
construct a set of parametric computer runs for a range of over-
pressure values (10 to 50 psi). From these solutions, the re-
sults are interpolated to obtain, within the accuracy of the
interpolation, the exact overpressure value which produces fatality.
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Parametric computations were made for three initial dis-
tances from the shelter opening (do'iIO, 40, 70 ft where d is
defined in Figs. 5.1 through 5.3); three bedy orientations
(standing, prone, sitting); and four external overpressure levels
(Po=]0, 20, 30 and 50 psi). Thus a total of 36 combinations
of results were determined. Each of these is labeled with a
case number (1 through 36) and the case indicates the parameters

considered. The notation is as follows:

U ... Upright (standing)
Orientation Code R . Prone
S ... Sitting

; E ... man near shelter Entrance
Initial Position M ... man Midway into shelter

in Shelter Code
W ... man near end Wall

The case 50-P-M refers to 50 psi external overpressure with the
man lying Prone located Midway into the shelter. The first
character denotes the pressure level, the second characterx-
orientation, and the third character the position in the shelter.

The parameters selected for study are listed as follows:

b et e i el e SR i

Man i L Sl S2 d1 h M
Orientation (qp_ oo 2 fe) (1b-sec?/ft) (Ft) (ft) (£t) (£t)
Standing 8.58 5.16  0.29 0.625 3.200 5.770 0.55
Prone 8.58 5.16  3.20 2.550 0.458 0.916 0.55
Sitting 3.16 5.16 0 1.550 1.030 3.280 0.55

The values for T, m and d; were selected ffrom data compiled for
an "average man' (Ref. 59). The value for ., the coefficient
of friction, was taken from Ref. 61.
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The results of the 36 casesﬁara\fummarized in Table 5.1.
The headings in this table require soﬁmmpdditional explanation.
The "Problem Description' column refers Egkche coding notation
described earlier in this section. The ''Mode Rath" column refers
to the various modes of motion (one through six)'éxgerienced by
the tumbling man up to the time of impact. The mode\hu@bers cor-
respond to the motion in Fig. 5.5. For example, 3-5-1 iﬁdipates
that the subject started rotating (mode 3), then rotated an&“g
slid (mode 5) and finally lifted off the ground (mode 1). The"
"rermination Constraint Reached" column identifies the particular
constraint the head contacts at impact. The entry name refers to
the fact that the man has come to rest before hirting a constraint.
The "Terminal u,, and u
tical coordinates of the head at impact, or the final at-rest

" columns list the horizontal and ver-

position if a constraint is not reached. The reference origin

is the same as that used for the measurement of the x,y coordi-
nates of the center of gravity (Fig. 5.4). The "Terminal v, and
v." colums contain the horizontal and vertical velocities of the
head at impact, or the final at-rest position, if a constraint is
not reached. The "Terminal vi + vs"

magnitude of the head velocity at impact.

column refers to the vector

Table 5.1 summarizes all the important results of the cal-
culations, however, it is of further importance to display orien-
tation and transient trajectories of several representative cases.
The cases we selected to plot are: 30-U-M, 30-P-M, 30-S-M, 10-U-M,
10-P-M, and 10-S-M. These give representative results for a man
situated initially midway in the shelter, subject tc both a low
and high overpressure loading, and for the three different body
orientations considered, upright, prone and sitting.
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The orientation type plots (Figs. 5.8, 5.11, 5.13, and 5.16)
provide a sequential motion account of the man's flight from his
at-rest position to the terminal position. The overview is ob-
tained by plotting chronological successive coordinates of the
two points A,B which define the end points of a centerline passing
through the man's center of gravity. By connecting these points
with a line, the orientation history of the centerline distance
AB can be traced. To curtail cluttering, a limited number of
plot points were selected from the total integrated trajectory.
The vertical and horizontal scales of the orientation plots
(normalized by the model height h) are not in the same proportion.
This results in a distortion of the plots in that the line element
AB appears to stretch or contract as the body rotates into differ-
ent positions. The prone orientation plots are omitted bece'se
the man remains prone throughout the time record.

The transient trajectory type plots (Figs. 5.9, 5.10, 5.12,
5.14, 5.15 and 5.17) provide a time history of the horizontal and
vertical velocity and displacements of the man's head (point A
in Fig. 5.4). The displacement plots are normalized by the maxi-
mumn head displacement (peak absolute horizontal or peak absolute
vertical component value, whichever is largest). The velocity
plots are normalized by the maximum head velocity (peak absolute
horizontal or peak absolute vertical component value, whichever
is largest). The normalization constants are indicated on each

figure.

5.4 INTERPRETATION OF RESULTS FOR SURVIVABILITY DETERMINATION

5.4.1 Impact Criterion

Before converting the parametric results of Table 5.1 into
survivability information, we need a fatality definition suitable
for the head velocity components just prior to impact with a hard
constraint. According to Ref. 50 an impact velocity 27.9 fps
has a 95 percent probability of being fatal. This critical impact
velocity is for a normal impact in the absence of any substantial

tangential velocity (Vx).
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If a tangential component is present, we must have a means of
incorporating Vo into the determination of survivability.

To illustrate the importance of the tangential effect, con-
sider an impact situation where the vertical constraint force
applied to the head just after contact is Fy. If the body has
a sufficiently large tangential velocity (and hence a substan-
tial horizontal momentum) the head will start to slide on t}..
constraint at impact which will result in a horizontal force of
Fx = uF_ (where u is the coefficient of friction). Consequently
the net vectorial force, Fr, of the head is not just the normal

force but rather a larger value of FT==(Fi-+F§)1 2,

In order to properly account for the horizontal component
in relation to fatality, we need more experimental information
in the area of sliding impact effects on survivability. Since
this information is unavailable at this time, we choose a simpli-
fied approach_in which the vector magnitude of the head velocity
at impact ( Vx-+V§ ) is compared to the 27.9 fps critical ve-
locity cited earlier.

5.4.2 Construction of Survivability Curves

Results given in Table 5.1 are used to construct surviva-
bility curves for shelterees located in that portion of the
shelter which is directly affected by the jet. The floor area
of the shelter studied that is directly affected by the jet is
shown in Fig. 3.11. The resulting survivability curves are given
in Fig. 5.18 and are constructed using the following approach.

It will be observed from Table 5.1 that for any overpres-
sure level and initial shelteree orientation, corresponding
impact velocities decrease as we locate the shelteree further
from the entrance. For example, at 10 psi a standing shelteree
initially located near the entrance experiences a terminal ve-
locity at 103.6 fps (see Table 5.1). The same shelteree located
halfway between the entrance and the rear wall experiences a
terminal velocity of 64.8 fps, while the one initially located
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near the rear wall experiences 44.6 fps. This variation provides
a basis for constructing an approximate survivability curve for
the shelter population located in the affected area.

Assuming that shelterees are uniformly distributed, point
P (see Fig. 5.18) is established by seeking that overpressure
level which will produce a 27.9 fps head impact velocity for a
shelteree initially located near the entrance. Point P2 is es-
tablished by seeking that overpressure level which will produce
a 27.9 fps head impact velocity for a shelteree located halfway
between the entrance and the rear wall. Point P3 is established
by seeking that overpressure level which will produce a 27.9 fps
head impact velocity for a shelteree located near the rear wall.

A curve for the prone man was not computed because the man
does not impact a hard constraint (end wall) before coming to
an at-rest position. There are exceptions where impact does oc-
cur, but the velocity level is insufficient to produce fatality.
The fact that no fatal constraint impacts occur during the 10
to 50 psi range does not mean that there will be 100 percent sur-
vivors in an actual blast situation when all the shelterees are
initially lying prone. A complicating factor which could alter
the prone man velocity trajectory is the fact that the longitudi-
nal sliding mode is not stable. Small eccentricities in the
blast loading relative to the man's center of gravity could possi-
bly rotationally slide the man at right angles to this initial
head position. The man may then start rolling (similar to a log
rolling action) instead of sliding, which of course could result
in a completely different ccnclusion regaraing his survivability.

Although we cannot give any reasonable quantitative results
regarding survivability, what we can state qualitatively is that
his survivability percentage in the initially prone position is
substantially higher than either the standing or sitting positions.
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